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Segments critical to the activity of human granulo- 
cyte-macrophage colony- stimulating factor (GM-CSF) 
were identified by scanning deletion analysis and com- 
pared with the critical regions previously identified in 
the homologous mouse GM-CSF protein. Three of the 
four critical regions thus identified are in equivalent 
positions in their respective polypeptides, while a 
fourth critical region of each is uniquely located. To 
investigate whether unique critical regions are respon- 
sible for the observed species specificity of human and 
mouse GM-CSF, all critical regions were substituted 
into their opposite homologue. This identified one spe- 
cific, but different, critical region in each homologue 
that could not be replaced. Further characterization of 
the nature of the species specificity of these two pro- 
teins was accomplished by the generation of a series of 
human/mouse GM-CSF hybrids. Each hybrid protein 
was assayed for specific activity on human- and mouse 
GM-CSF-dependent cell lines. Significant differences 
in the specific activity of these hybrids was observed, 
suggesting that different segments of each molecule 
interact with their respective receptors. Based on these 
two approaches, individual amino acids were identified 
that could provide, at least in part, the interactions 
between these protein ligands and their respective 
receptors. These residues are Thr-78 and Met-80 in 
human GM-CSF and Asp -92, Thr-98, and Asp- 102 in 
mouse GM-CSF. 



Granulocyte-macrophage colony stimulating factor (GM- 
CSF) 1 is a protein hormone that mediates the proliferation, 
differentiation, and functional activity of neutrophils, mac- 
rophages, and eosinophils (2, 3). It is produced by several cell 
types such as T-lymphocytes and monocytes (4). Both human 
and mouse GM-CSF have been characterized by cloning, 
sequencing, and expression of their cDNAs (5, 6). Despite a 
high level of amino acid homology and similar physical char- 
acteristics (7, 8), the two polypeptides are species specific at 
both the biological and receptor binding levels (6). 2 

Structure- function studies carried out by us and other lab- 
oratories (1, 9-12) have identified a number of residues critical 
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to the activity of mouse and human GM-CSF. Most of the 
results support the four a-helical bundle model for human 
GM-CSF proposed by Parry et al (13). However, none of 
these studies suggest a basis for the observed species specific- 
ity of the two polypeptides. 

In the present report we address this question. Two inde- 
pendent approaches were used. First, regions critical to the 
activity of human GM-CSF were determined and compared 
with those previously identified in mouse GM-CSF (1). Sec- 
ond, a series of human/mouse hybrid polypeptides were gen- 
erated and analyzed. The results of these experiments com- 
pliment each other and indicate that different regions of these 
structurally homologous proteins provide critical contribu- 
tions to activity, suggesting a basis for the species specificity 
of biological activity observed with human and mouse GM- 
CSF. 

MATERIALS AND METHODS 

Bacterial Host Strains and Vectors— Escherichia coli K12 strain 
JM101 (14) was used as the host for propagation and maintenance of 
M13 DNA. CJ236 (15) was used to prepare uracil-DNA for use in 
site-directed mutagenesis. AB1899 (16) was used as the host for 
expression of wild- type and mutant human and mouse GM-CSF 
proteins. Either pINIIIompH3 (17) or pOMPTH3 (a tetracycline- 
resistant variant of pINIIIompH3) was used as the expression vector 
for all GM-CSF genes. Elsewhere, we have described the expression 
of biologically active, mature GM-CSF with this E. coli secretory 
expression system (18). The human GM-CSF coding region was 
synthetically reconstructed using a series of oligonucleotides. Unique 
restriction sites were introduced where possible without altering the 
protein sequence, and preferred E. coli codons (19) were selectively 
used. From this construct, an Xbal-BamHl fragment containing the 
ompA leader sequence and the entire human GM-CSF gene was 
cloned in M13 mpl9 (replicative form) and used as the template for 
site-directed mutagenesis. Construction of the mouse GM-CSF gene 
and mutagenesis template has been previously described (1). 

Mutagenesis, Recombinant DNA, and Sequencing Protocols— In 
vivo recombination of human and mouse GM-CSF was performed as 
follows: GM-CSF cDNA sequences were oriented in tandem, sepa- 
rated by Eco RI and Sad restriction sites, in pINIIIompH3 (17), and 
were transformed into AB1899. Plasmid DNA was prepared from a 
bulk culture, cleaved with Eco Rl and SacI, and retransformed. Indi- 
vidual colonies were screened by restriction enzyme mapping and 
sequenced using the dideoxynucleotide method (20) with modifica- 
tions described in the Sequenase' (United States Biochemical) pro- 
tocol. 

Site-directed mutagenesis followed the protocol described by Kun- 
kel et al. (15). M13 (replicative form) DNA containing correct muta- 
tions was cleaved with Xbal and BamHi (New England Biolabs) for 
cloning into pINHIompH3 or cleaved with Xbal and EcoKl for cloning 
into pOMPTH3. 

Preparation and Quantitation of Protein Extracts— Protein extracts 
were prepared as previously described (1). Small aliquots (2-10 m!) of 
each sample were assayed for protein concentration in duplicate using 
a Schleicher & Schuell Minifold II Slot-Blot system. Purified E. coli- 
derived recombinant human or mouse GM-CSF was used on each 
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blot to generate a standard curve for the quantitation of wild-type 
and mutant protein in each extract. The primary antibody was anti- 
human GM-CSF peptide hybridoma 2F10 (21) usedat a concentration 
of 1 ng/ml or anti-mouse GM-CSF peptide hybridoma mg 1.8.2 (22) 
used at a concentration of 0.2 /ig/ml, and secondary antibody was 
'-'Habeled sheep anti-rat IgG (Amersham Corp.) used at 1:1000 
dilution. Autoradiograms were scanned by an LKB Ultroscan XL 
laser densitometer, and the concentration of wild-type and each 
mutant GM-CSF protein was calculated from the height of each 
absorption peak in comparison to that generated from a purified GM- 
CSF standard curve. The error in the calculated concentration of 
GM-CSF protein by this method was estimated to be approximately 
2- fold based on repetitive samples of individual clones of GM-CSF 
expressed in AB1899. 

Proliferation Assays for Human and Mouse GM-CSF Activity— 
Human GM-CSF deletion protein extracts were assayed using the 
human GM-CSF- dependent erythroleukemic cell line TFl (23). GM- 
CSF protein extracts with substituted critical regions were assayed 
on both the TFl cell line and the mouse GM-CSF-dependent myeloid 
leukemia cell line NFS60. Sample concentrations were adjusted to 
108,000 pg/ml and titrated in quadruplicate to 1.8 pg/ml. The 3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay de- 
scribed by Mosmann (24) was used to measure the extent of prolif- 
eration, and absorbance values were read with a V mai kinetic micro- 
plate reader (Molecular Devices, Palo Alto, CA). The concentration 
of each mutant and wild-type GM-CSF that gave 50% maximum 
response was determined, and specific relative activity was calculated 
using the relationship 

% activity = ( [wild-type] m f [mutant] 1/2 ) x 100%, 

where [ wild- type] 1/2 and (mutant]i/ 2 are the concentrations of wild- 
type and mutant GM-CSF proteins, respectively, that gave 50% 
maximum response in the TFl or NFS60 assays. The specific activity 
determined varied <10% for a given mutant in multiple assays 
performed over several months time. 

RESULTS 

Systematic Introduction of Deletions Throughout Human 
GM-CSF— The structural and/or functional importance of 
specific regions within the human GM-CSF polypeptide were 
examined by the systematic introduction of deletions along 
the entire length of the molecule. In a manner identical to 
that described for mouse GM-CSF (1), deletions of three 
amino acids were introduced every five amino acids on a 
synthetically generated human GM-CSF DNA sequence by 
site-directed mutagenesis. The amount of wild-type and mu- 
tant polypeptide produced was found to vary from 10-100 fig/ 
ml. Samples were assayed in quadruplicate for their ability to 
stimulate the proliferation of the human GM-CSF-dependent 
cell line TFl. Results were expressed as specific activity 
relative to that of native human GM-CSF produced and 
assayed under the same conditions in parallel. The sensitivity 
of the assay was estimated to be 0.01% of wild-type activity. 

Definition of Four Regions Critical to the Activity of Human 
GM-CSF— Fig. 1 illustrates the relative biological activity of 
56 deletion proteins with respect to the location of their 
deletions. This representation displays the relative contribu- 
tion of each segment of the molecule to the activity of intact 
human GM-CSF, revealing both critical and noncritical re- 
gions. Any mutant protein exhibiting less than 0.01% of wild- 
type activity was considered inactive, and the amino acid 
residues in the corresponding deletion mutant were referred 
to as critical to the activity of human GM-CSF. Four critical 
regions can be identified comprising ~36% of the residues. 
The other 64% of the molecule can tolerate small deletions 
without complete loss of activity. However, it is evident from 
Fig. 1 that even the small deletions result in substantial loss 
of activity. 

Comparison of Critical Regions in Human and Mouse GM- 
CSF — Fig. 2 summarizes the locations of critical regions iden- 
tified in human GM-CSF compared with those previously 




amino add 

FlG. 1. Relative activity as a function of deletion location. 

The percent activity relative to wild-type human GM-CSF of each 
mutant protein in the TFl assay is plotted as a function of the 
location of the central amino acid of the respective deletion. Note the 
logarithmic scale used for % activity. The sensitivity of the assay was 
estimated to be 0.01% of the wild-type activity; any mutant protein 
with less than this activity was scored as inactive. 

I 

Human APARSPSPSTQPWEKVNAIQEARRLLNLSRDTAAEMHETVEVIS 
Mouse APTRSP I TVTRP WKH VE A I KE ALNLLDDMP VT- - - LNEEVEVVS 

I Urn 

III _ Iln 

Huma n EMFD LQEP TCLQT R LELYKQG LRGS LTK LKGP LTMMAS liYKQHC 
Mouse NEFSFKKLTCVQTRLKIFEQGLRGNFTKLKGALNMTASYYQTYC 

III 

Human P P T P E TSCATQ II T FE S FKENLKDF LL V I P FD C WE P VQE 
Mouse P PTPETDCETQVTT YADF I DS LKTFLTD I P FECKKP SQK 

IV 

Fig. 2. Comparison of critical regions between human and 
mouse GM-CSF. The amino acid sequences of human and mouse 
GM-CSF are shown in parallel, with a three-base insertion in the 
mouse sequence for alignment purposes. Overall, the two molecules 
are 54% identical. Critical regions are indicated with bars above 
(human) and below (mouse) the respective amino acid sequence. 
Mismatched amino acids between the two homologues within the 
critical regions are shown in boldface type. 

identified in mouse GM-CSF (1). We have adopted a nomen- 
clature for these critical regions in human GM-CSF such that 
their numerical designation parallels that of those found in 
mouse GM-CSF (1). It is immediately apparent that the 
relative positions for critical regions I, III, and IV are com- 
parable in both polypeptides. However, the fourth critical 
region, labeled Ilh in human GM-CSF and Ilm in mouse GM- 
CSF, appears at a unique location in each polypeptide. 

Substitution of Critical Regions Has Different Effects on 
Human and Mouse GM-CSF— The effect of individual critical 
regions on the activity of human and mouse GM-CSF was 
examined by substitution of each critical region, including 
critical regions Ilh and Ilm, by the corresponding amino acids 
of the opposite homologue. Substitutions required to change 
each critical region into the opposite homologue are high- 
lighted in Fig. 2. Mutant proteins were expressed in either 
pOMPTH3 (human GM-CSF recipient gene) or pINIIIom- 
pH3 (mouse GM-CSF recipient gene), and quantitated as 
described. All mutants were assayed on both the TFl and 
NFS60 cell lines, and relative activity to human GM-CSF (in 
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Table I 

Activities of GM -CSF proteins with substituted critical regions 
Nomenclature: hu, human; mo, mouse; numerals following indicate 
critical region substituted. hM2, mouse critical region Hm substituted 
into the corresponding region of human GM-CSF; mH2, the parallel 
mutant in mouse GM-CSF. Values are expressed as the % activity 
relative to native human GM-CSF in the TFl assay or native mouse 
GM-CSF in the NFS60 assay (see "Materials and Methods"). 



Mutant 


TFl 


NFS60 




% activity 


Mouse critical regions in human 






GM-CSF 






hul 


>100 


<0.0l 


hu2 


<0.01 


<0.01 


hu3 


11 


<0.01 


hu4 


19 


<0.01 


hM2° 


>100 


<0.0l 


hGM-CSF 


100 


<0.01 


Human critical regions in mouse 






GM-CSF 






mol 


<0.01 


>100 


mo2 


<0.01 


>100 


mod 


<0.01 


>100 


mo4 


<0.0l 


0.20 


mH2° 


<0.01 


>100 


mGM-CSF 


<0.01 


100 



° Changes residues not identified as critical in the recipient poly- 
peptide. 



the TFl assay) and mouse GM-CSF (in the NFS60 assay) 
was determined (Table I). 

In human GM-CSF, replacement of critical region I by that 
of mouse GM-CSF (mutant hul) had no deleterious effect on 
activity and substitution of critical regions III and IV had 
only a moderate effect (mutants hu3 and hu4, respectively) 
in the TFl assay. However, substitution of critical region Ilh 
(hu2) resulted in a complete loss of measurable activity 
(^0.01%, Table I). In contrast, substitution of critical region 
Ilm (mo2), as well as critical regions I and III (mutants mol 
and mo3, respectively) in mouse GM-CSF by the correspond- 
ing sequences in human GM-CSF had no negative effect on 
activity in the NFS60 assay (Table I), whereas replacement 
of critical region IV with the corresponding human GM-CSF 
amino acid residues (mutant mo4) reduced activity to 0.20%. 

The inactive human mutant hu2 contains only two amino 
acid changes, Thr-78 changed to Asn and Met-80 to Thr. 
Individual substitution of Thr-78 with Asn in human GM- 
CSF gave a molecule with full activity, while substitution of 
Met-80 with Thr resulted in a molecule with moderately 
decreased activity (34%). This demonstrates that individual 
substitution of these two amino acids in human GM-CSF has 
little or no effect on activity, but the dual change is sufficient 
to eliminate the activity of the protein. Mouse GM-CSF 
mutant mo4 has 14 changes in 26 amino acids, making it 
difficult to ascribe the loss of activity to any specific amino 
acid residue. However, analysis of human/mouse GM-CSF 
hybrid proteins identified mouse residues Asp-92, Thr-98, and 
Asp-102 as critical for maintaining biological activity (see 
below). 

Substitution of mouse critical region Ilm into the corre- 
sponding location of human GM-CSF had no negative effect 
on activity in the TFl assay, nor did substitution of human 
critical region Ilh into mouse GM-CSF have a negative effect 
in the NFS60 assay (hM2 and mH2, respectively; Table I). 
None of the human GM-CSF mutants had any activity in the 
NFS60 assay, nor did any mouse GM-CSF mutant have any 
activity in the TFl assay (Table I). 

Generation of Hybrid GM-CSF Polypeptides— -A second, 



independent approach to identify regions and/or residues 
essential for biological activity uses the species specific char- 
acter of human and mouse GM-CSF. Hybrid proteins were 
generated by either in vivo recombination or site-directed 
mutagenesis (15) on appropriate templates. The naming of 
the hybrid proteins follows the convention that either an H 
(human) or M (mouse) designates the species of the N- 
terminal portion of the hybrid, and the following numbers 
indicate the amino acids at which crossover occurs between 
the species. For example, H 6/7 contains the first six amino 
acids of mature human GM-CSF (Ala = 1) and amino acids 
7-124 of mature mouse GM-CSF (Ala = 1). 

The altered GM-CSF coding regions were expressed and 
quantitated as described. All mutant polypeptides were as- 
sayed on both the TFl and NFS60 cell lines and relative 
activity to human GM-CSF (in the TFl assay) or mouse GM- 
CSF (in the NFS60 assay) was determined (Table II). 

Nonsymmetrical Effects of N- and C -terminal Substitution 
on Biological Activity— The effects of substitution on the ends 
of the two GM-CSF proteins are shown graphically in Fig. 3, 
where the relative activity in the TFl or NFS60 assay is 
plotted against the amino acid sequence crossover point of 
each hybrid. 

The effect of N-terminal substitution (Fig. 3A) in human 
GM-CSF is described by N-terminal mouse/C-terminal hu- 
man hybrids assayed in the TFl assay, and on mouse GM- 
CSF by N-terminal human/C-terminal mouse hybrids assayed 
in the NFS60 assay. In human GM-CSF, 35% can be substi- 
tuted to yield a fully active molecule (M 43/43, Table II). A 
further substitution of hybrid M 43/43 by only one amino 
acid (M 45/45, additional change of human Ile-43 to Phe) 
causes a 500-fold decrease in activity. Mouse GM-CSF, on 
the other hand, loses activity after substitution of only 17 N- 
terminal amino acids. The single additional amino acid 
change in the N terminus of Glu-17 to Asn between H 16/17 
and H 19/20 in mouse GM-CSF resulted in a 5,000-fold 
decrease in activity (Table II). 

A direct comparison of C-terminal substitutions is shown 
in Fig. 3B. Here, N-terminal human/C-terminal mouse hy- 
brids in the TFl assay describe C- terminal substitution of 
human GM-CSF, and N-terminal mouse/C-terminal human 
hybrids in the NFS60 assay show the effects of C-terminal 
substitution in mouse GM-CSF. Human GM-CSF loses about 
99% of its activity after substitution of only four amino acids 
(H 121/119, 0.79%); yet in mouse GM-CSF, the C terminus 
is unaffected by substitution of the terminal 22 amino acids. 
Not until the additional Asp-102 to Ser change occurs between 
M 103/107 and M 101/105 is a loss of activity observed. Two 
other similar activity changes are seen in this region resulting 
from net single amino acid changes: Thr-98 to He (M 97/101) 
and Asp-92 to Ser (M 91/95). 

Single Amino Acid Substitutions of GM-CSF— In a number 
of cases large changes in activity were observed between 
hybrids that only differ by one amino acid. To examine these 
potentially important amino acid positions independent of 
the hybrid context single amino acid substitution of wild- type 
human and mouse GM-CSF were made. 

Human GM-CSF — Large changes in activity of adjacent 
hybrids occur at two places, between M 43/43 and M 45/45, 
and H 122/120 and H 121/119 (Table II). The net amino acid 
changes were, respectively, Ile-43 to Phe and Trp-122 to Lys. 
These individual substitutions were generated by site-directed 
mutagenesis and assayed in the TFl assay. 

The results are shown in Table III, where the activity of 
each single amino acid mutant is shown in boldface type 
adjacent to the activity of its corresponding hybrid. Changes 
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Table II 

GM-CSF hybrid proteins and their activity 
on human and mouse cell lines 



1000 







Activity 




nyona 


% of parent 


% of wild-type' 


polypeptide* 


TFl 


NFS60 




H6/7 rf 


4.7 


<0.01 


180 


H 16/17" 


12.6 


<0.01 


50.0 


H 19/20 


15.0 


<0.01 


<0.01 


H 22/23 


17.3 


<0.01 


<0.01 


H 35/36 


27.6 


<0.01 


<0.01 


H 44/46 


34.6 


<0.01 


<0.01 


H 49/50 


38.6 


<0.01 


<0.01 


H 54/52 


42.5 


<0.01 


<0.01 


H 59/57" 


46.5 


<0.01 


<0.01 


H 68/66" 


53.5 


0.08 


<0.01 


H 75/73" 
H 77/75" 


59.1 


0.06 


<0.01 


60.6 


0.04 


<0.01 


H 94/92" 


74.0 


0.17 


<0.01 


H 119/117" 


93.7 


1.2 


<0.01 


H 121/119 


95.3 


0.79 


<0.01 


H 122/120 


96.1 


8.6 


<0.01 


H 124/122 


97.6 


40 


<0.01 


H 126/124 


99.2 


73 


<0.01 


hGM-CSF 


100.0 


100 


<0.01 


M6/7" 


4.8 


5.6 


<0.01 


M 22/23 


17.7 


12 


<0.01 


M 35/36 
M 43/43" 


28.2 


43 


0.38 


34.7 


210 


0.13 


M 45/45 


36.3 


0.38 


<0.01 


M 46/46 


37.1 


0.18 


<0.01 


M 47/47 


37.9 


0.04 


<0.01 


M 48/48 


38.7 


1.1 


1.3 


M 49/50 


39.5 


0.06 


0.64 


M 51/55 


41.1 


0.17 


6.6 


M 56/60" 


45.2 


0.06 


0.29 


M 65/69" 


52.4 


<0.01 


0.04 


M 72/76" 
M 74/78" 


58.1 


<0.01 


0.03 


59.7 


<0.01 


0.04 


M 81/85" 


65.3 


<0.01 


0.03 


M 91/95" 


73.4 


<0.01 


0.03 


M 93/97 


75.0 


<0.01 


0.90 


M 96/100 


77.4 


<0.01 


1.0 


M 97/101 


78.2 


<0.01 


1.4 


M 99/103 


79.8 


<0.01 


14 


M 100/104 


80.6 


<0.01 


17 


M 101/105 


81.5 


<0.01 


6.6 


M 103/107 


83.1 


<0.01 


110 


M 116/120 


93.5 


<0.01 


100 


mGM-CSF 


100.0 


<0.01 


100 



° The nomenclature follows the convention that either an H (hu- 
man) or M (mouse) designates the species of the N-terminal portion 
of the hybrid protein, and the following numbers indicate the amino 
acids at which crossover occurs between the species. 

*The parent polypeptide is defined as that comprising the N- 
terminal of the hybrid. The percent composition reflects the number 
of amino acid residues of the N-terminal species contained in the 
hybrid divided by the total number of residues in the mature wild- 
type GM-CSF protein. 

r Activity is expressed as the % activity relative to native GM-CSF 
in the TFl or NFS60 assay (see "Materials and Methods"). 

"These hybrids were generated by in vivo recombination as de- 
scribed in "Materials and Methods." All others were made using site- 
directed mutagenesis on appropriate templates (15). 

to Ile-43 and Trp-122 yield proteins with activities similar to 
the appropriate hybrid, suggesting that Ile-43 and Trp-122 
are integral in their contribution to the activity of human 
GM-CSF. 

Mouse GM-CSF— The greatest variations in activity occur 
between hybrids H 16/17 and H 19/20, M 48/48 and M 47/ 
47, and at the C terminus between M 103/107 and M 101/ 
105, M 99/103, and M 97/101, and M 93/97 and M 91/95, for 



0) 

ft 

i 

% 

■> 
2 




0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 



Crossover, fraction of 
parent polypeptide 

Fig. 3. Differences in the N- and C-terminal responses be- 
tween human and mouse GM-CSF. Activity of the hybrid proteins 
were measured in the TFl (human) or NFS60 (mouse) assays. Activ- 
ity is presented as a function of the fraction of the hybrid that is 
made up of the N-terminal homologue. Human/mouse hybrids (•) 
and mouse/human hybrids (O) are grouped cross-assay to compare 
parallel hybrids. In panel A, effects of substitution on activity of the 
N-terminal regions of both proteins are shown. Panel B displays the 
effects of C-terminal substitution. In both cases, large variations in 
the response pattern between the two polypeptides are evident. 

a combined decrease from 113 to 0.03% activity (Table II). 
The net amino acid changes were, respectively, Glu-17 to Gin, 
Lys-48 to Asp, Asp-92 to Ser, Thr-98 to He, and Asp- 102 to 
Ser. The activities of the mutants were measured in the 
NFS60 assay and are displayed in boldface type next to the 
activity of the corresponding hybrid in Table III. 

Both mE17N and mK48D have greater than full activity, 
indicating that a combined effect of the hybrid substitutions 
was responsible for the loss in activity in the corresponding 
hybrid molecules. The single change in mD92S has no signif- 
icant effect on activity, while mT98I and mD102S both give 
about a 10-fold reduction in activity. Since these 3 residues 
fall at or in the only critical region in mouse GM-CSF that 
was sensitive to substitution (critical region IV) we examined 
the combined effect of these three mutations on the activity 
of mouse GM-CSF. Two double mutants, mDT:SI (Asp-92 
and Thr-98 to Ser and He) and mTD:IS(Thr-98 and Asp-102 
to He and Ser) still had about 10% activity (Table III). 
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Table III 

Comparison of individual amino acid mutants 
with corresponding hybrid GM~ CSF protein 



Mutant 


Corresponding 


Activities, 


GM-CSF 


hybrid 


% of wild-type 


Human GM-CSP 






hI43F 


M 45/45 


0.50/0.38 


hW!22K 


H 121/119 


1.3/0.79 


Mouse GM-CSF* 






mE17N 


H 19/20 


340/0.01 


mK48D 


M 47/47 


580/0.01 


mD92S 


M 91/95 


66/0.03 


mT98I 


M 97/101 


8.5/1.4 


mD102S 


M 101/105 


9.2/6.6 


mDT:Sr 


M 91/95 


12/0.03 


mTD:IS rf 


M 97/101 


5.5/1.4 


mDTD:SIS" 


M 91/95 


0.02/0.03 



" Activities measured in the TFl assay. 

h Activities measured in the NSF60 assay. 

'' mDT:SI e D92S + T98I in mouse GM-CSF. 

"mTD:IS m T98I + D102S in mouse GM-CSF. 

" mDTD:SIS ■ D92S -f T98I + D102S in mouse GM-CSF. 



However, the combined change of all 3 residues produces a 
molecule with minimal activity (mDTD:SIS, Table III). This 
triple mutant has activity equal to its corresponding hybrid 
(M 91/95), indicating that these 3 amino acid residues to- 
gether act significantly in the activity of mouse GM-CSF. 
Substitution of the corresponding amino acid residues in 
human GM-CSF, Ser-95, Ile-101, and Ser-105 to their mouse 
GM-CSF counterparts had no effect on activity in the TFl 
assay. 

DISCUSSION 

A striking feature of human and mouse GM-CSF is their 
absolute species specificity despite a high degree of sequence 
homology. Both molecules are physically similar polypeptides 
(8) with identical disulfide structures (7), and both are sug- 
gested to have comparable structures using predictive algo- 
rithms (13, 25). The considerable homology between the two 
polypeptides suggests that differences exposed by similar 
forms of analysis are contributing factors to the uniqueness 
of each molecule. Two independent approaches were used to 
test this hypothesis. First, we determined and compared re- 
gions critical to the biological activity of human GM-CSF 
with those previously identified in mouse GM-CSF (1). Sec- 
ond, we have generated and analyzed a series of human/ 
mouse hybrid proteins. 

Fig. 2 graphically compares the critical regions found in 
human and mouse GM-CSF. The structural homology be- 
tween the two polypeptides is reflected in the corresponding 
locations of three out of the four critical regions (regions J, 
///, and IV). Only critical regions Ilh in human GM-CSF and 
II m in mouse GM-CSF occupy unique positions in their 
respective polypeptides. We anticipated that the difference in 
location of these critical regions could account (at least to 
some extent) for the species specific character of GM-CSF. 
To test this hypothesis we substituted not only the uniquely 
located critical regions Ilh and Ilm, but also the common 
critical regions in both molecules with residues of the opposite 
species. Both molecules are generally tolerant to substitution 
with minor or no decrease in activity (Table I). However, in 
each molecule one specific, but different, critical region is 
sensitive to substitution. In human GM-CSF, substitution of 
critical region Ilh eliminates activity, while a similar decrease 
was observed when critical region IV was substituted in mouse 
GM-CSF. 



Critical Amino Acid Residues in Human GM-CSF— Sensi- 
tivity of human critical region Ilh to substitution with mouse 
residues supports the hypothesis that the residues comprising 
this region, amino acids at positions 77-82, contribute to the 
species-specific character of GM-CSF. The present study 
identifies specifically residues Thr-78 and Met-80 in this 
region as important residues. Although individual substitution 
of these residues does not affect the activity significantly, 
substitution of both amino acids to the corresponding mouse 
residues (mutant hu2) completely eliminates it. This double 
mutant also is unable to compete native human GM-CSF in 
binding assays on TFl cells (data not shown). 

Two other lines of evidence support the notion that residues 
77-82 form species-specific receptor contacts. Brown et al 
(11) have mapped the epitopes of a pair of blocking mono- 
clonal antibodies to residues 77-94. Secondly, in a previously 
published study involving hybrid GM-CSF molecules, Kau- 
shansky and co-workers (10) identified residues 78-94 as 
critical for functional activity. Our hybrid GM-CSF data do 
not specifically identify human GM-CSF residues 77-82 as 
critical. An explanation for this could be the low activity of 
the two hybrids that cover this region (H 77/75 and H 94/92, 
Table II). 

Kaushansky et al (10) also stipulate that amino acid resi- 
dues 21-31 are critical for activity of human GM-CSF. Our 
data do not support this conclusion. Substitution of the first 
43 residues of human GM-CSF resulted in a protein with full 
activity (Table II, M 43/43). This indicates that human GM- 
CSF can sustain extensive substitution in this region, al- 
though it is intolerant to small deletions (Fig. 1) and specific 
substitutions (e.g. residues 20 and 21, Ref. 26). Apparently, 
the structure of human GM-CSF can be disrupted by muta- 
tions in the N-terminal 43 amino acids, but it can be main- 
tained by complete substitution with mouse residues. Conse- 
quently, this region cannot be involved in the species speci- 
ficity observed for human GM-CSF. 

In the hybrid analysis we observed a sharp reduction in 
activity across human GM-CSF residues 122-126. This de- 
crease in activity was not observed by either Clark-Lewis et 
al (9), using synthesized human GM-CSF peptides, or by 
Kaushansky et al (10). However, neither Clark-Lewis et al 
nor Kaushansky et al accurately quantitated the amount of 
specific mutant protein examined in their assays, and thus 
may explain why these two groups did not see this effect. 
Deletions in the C-terminal portion of human GM-CSF also 
caused significant losses of activity (Fig. 1). We have purified 
to near homogeneity, quantitated, and assayed C-terminal 
deletion mutants of both human and mouse GM-CSF which 
lack the final 6 amino acid residues of each protein (data not 
shown). Consistent with our hybrid data, the human deletion 
mutant has 3.0% of wild-type activity (compare with H 121/ 
119, 0.79%, and hWl22K, 1.3% activity), and the mouse 
deletion mutant has 68% of wild-type activity (compare with 
M 116/120, 100% activity). The sensitivity of these residues 
in human GM-CSF to both substitution (specifically Trp- 
122) and deletion alludes to the possibility that they have a 
material role in the activity of this protein, whereas this region 
appears to be of no importance in mouse GM-CSF. 

A specific role for the C terminus of human GM-CSF is 
further supported by the work of Seelig et al. (12). These 
authors show that purified rabbit IgG raised against a C- 
terminal peptide of human GM-CSF (residues 110-127) 
blocks the activity of human GM-CSF. Anti-idiotypic anti- 
bodies generated against these IgG proteins did not bind to 
human GM-CSF or the peptide, yet specifically blocked hu- 
man GM-CSF activity and inhibited l25 I-human GM-CSF 
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receptor binding. These data support the conclusion that a 
portion of these residues is close to or in direct contact with 
the receptor. 

Two additional amino acid residues in human GM-CSF 
were identified as critical for activity in the native polypep- 
tide, Ile-43 and Trp-122, with Trp-122 likely to heat or near 
the receptor-binding site. At present we have no data to 
suggest that Ile-43 has a functional role. This residue may be 
important for maintaining structural integrity. 

Critical Amino Acid Residues in Mouse GM-CSF— Toler- 
ance of the unique mouse critical region II m to substitution 
with human residues indicates that these residues do not 
contribute to the species-specific character of mouse GM- 
CSF. This is true for all cricital regions in human and mouse 
GM-CSF that retain significant activity upon substitution 
with residues of the other species. It is likely that these regions 
are critical (as defined by deletion analysis) because they 
fulfill a structural requirement of the molecule. Since mouse, 
but not human, critical region IV is sensitive to substitution, 
it suggests that this region provides some species -specific 
feature to mouse GM-CSF. The analysis of hybrid mouse/ 
human GM-CSF molecules across this region identifies 3 
residues (Asp-92, Thr-98, and Asp-102) as significant for 
mouse GM-CSF activity; Just as was observed for residues 
Thr-78 and Met-80 of the unique human GM-CSF critical 
region Ilh, individual substitution of the 3 mouse GM-CSF 
residues had no dramatic effect on activity. Substitution of 
all 3 residues by the corresponding human GM-CSF residues 
rendered the resulting mutant mouse GM-CSF polypeptide 
virtually inactive, suggesting that some cooperative effect 
between these 3 residues is occurring. This effect is unique to 
mouse GM-CSF, since neither substitution of human GM- 
CSF critical region IV nor simultaneous substitution of the 
comparable human GM-CSF residues (residues Ser-95, He- 
101, and Ser-105) had any profound effect on activity. 

In mouse GM-CSF, two additional large changes in activity 
(> 100- fold) occurred as an apparent consequence of single 
amino acid substitutions. However, individual substitution of 
these residues, Glu-17 and Lys-48, had no deleterious effect 
on activity, reflecting that some cumulative effect of substi- 
tutions in the corresponding hybrid proteins was necessary to 
affect activity. 

What Defines Species Specificity in Human andMouseGM- 
CSF? — By analyzing human and mouse GM-CSF using simr 
ilar approaches, significant differences were exposed despite 
the overall physical similarities of both molecules. First of all, 
by substituting critical regions it was found that each molecule 
contains one specific, but different, critical region that is 
sensitive to substitution. The unique character of each poly- 
peptide was further reflected by their differential sensitivity 
to N- and C- terminal substitution with residues of the other 
species. Thus, the interactions of the two ligands with their 
respective receptors appear to involve different regions of the 
ligands. For human GM-CSF, the evidence available suggests 
that residues in critical region Ilh, in particular Thr-78 and 
Met-80, provide receptor contacts. The C terminus of human 
GM-CSF, and specifically residue Trp-122, is also either part 
of or in close proximity to the human GM-CSF receptor- 
binding domain. In mouse GM-CSF, it is possible that a 
combination of residues Asp-92, Thr-98, and Asp- 102 provides 
species-specific receptor contacts. A second important region 
in mouse GM-CSF is located around residues 17-22. At pres- 
ent, no data are available related to whether these residues 
form receptor interactions or whether they fulfill a critical 
structural role; however, deletion mutants and N-terminal 
human/C-terminal mouse GM-CSF hybrids have identified 
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Fig. 4, Critical regions superimposed on proposed second- 
ary structure of human and mouse GM-CSF. Secondary struc- 
ture of the proposed four helix bundel model for GM-CSF is adapted 
from Parry et ai (13), and is drawn approximately to scale. Alpha- 
betically labeled helices are indicated by rectangular boxes. Critical 
regions, indicated by roman numerals, are superimposed as shaded 
areas along the linear sequence with the unique critical regions Ilh 
and Um heavily outlined (some superposition of critical regions 
occurs, t\# IV). Cysteines are numbered sequentially and indicated 
by black circles; disulfide bridges are shown by dotted lines. The 
parallel nature of helices C and D as required by the disulfide pairing 
is also represented. Mouse GM-CSF residues Asp-92. Thr-98, and 
Asp- 102 are indicated by heavy lines. 

this region as absolutely required for mouse GM-CSF activity. 
The full activity of human GM-CSF hybrids with a mouse 
GM-CSF N terminus of up to 43 residues excludes a contri- 
bution of this region to specificity of human GM-CSF. 

The differences between human and mouse GM-CSF de- 
scribed above may form the basis for the species specificity 
observed between t hese two molecules. We have superimposed 
these data on a four a-helical bundle model for human GM- 
CSF proposed by Parry et ai (13) (Fig, 4). Strikingly, the 
shared critical regions between human and mouse GM-CSF, 
namely I, III, and IV, coincide precisely with regions predicted 
to be <*-helical. This similarity between human and mouse 
GM-CSF suggests that these helices play an important role 
in maintaining protein integrity and bioactivity. In human 
GM-CSF, critical region Ilh forms the beginning of the C-D 
loop. If loops and coils at the end of helices are the most likely 
sites of receptor interactions {as proposed by Parry et at (13)1, 
it is possible that the residues defining critical region lib in 
human GM-CSF form direct receptor contacts; both deletion 
and substitution eliminate activity. The C -terminal residues 
122-127 are potentially in close proximity to the residues of 
critical region lib and could form part of the receptor- binding 
domain. The critical mouse GM-CSF residues Asp-92, Thr- 
98, and Asp- 102 are located in the N -terminal portion of 
mouse critical region IV, coinciding with helix D in the Parry 
model (Fig. 4). Structural studies of mouse GM-CSF (27) 
using proline substitutions suggest that the N-terminal por- 
tion of critical region IV, predicted to be «~ helical, is only 
loosely defined by this structural motif. Thus, it is possible 
that the N -terminal portion of critical region IV, and specif- 
ically residues Asp-92, Thr-98, and Asp-102, form a loop-like 
structure that is free to interact with the mouse GM-CSF 
receptor. 

If the Parry et al (13) model is correct, critical region Ilh 
and the N-terminal portion of critical region IV lie on opposite 
poles of the molecule (Fig. 4). Indeed, if these are the sites of 
direct receptor interactions for their respective proteins, the 
species specificity of human and mouse GM-CSF can be 
explained on this basis alone. Confirmation of this conclusion 
is dependent upon further mutational analysis of the residues 
involved and, eventually, three-dimensional structural infor- 
mation on each polypeptide. 
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ABSTRACT Stracture-function relationships for mouse 
gi*anuJocyte- macrophage colony-stimulating factor were ex- 
amined by generating a series of small deletions scanning the 
entire length of the molecule. Deletions of three amino adds 
were introduced at intervals of five ammo adds by site-directed 
mutagenesis of the mature mouse gramitocyte-macrophage 
colony-stimulating factor gene. The mutant proteins were 
expressed in Escherichia coU and assayed for biological activity. 
This procedure identified four regions critical to activity . These 
critical regions were further delineated by additional three- 
amino add deletion mutants. Larger deletions at each terminus 
were also made, as weD as changes of specific amino add 
residues. The four critical regions span amino add residues 
18-22, 34-41, 52-61, and 94-115. The disulfide bridge be- 
tween Cys-51 and Cys-93 was also shown to be essential for 
activity, whereas that between Cys-85 and Cys-118 could be 
removed without loss of activity. The possible structural 
and/or functional roles of the critical regions are discussed. 

The proliferation and differentiation of granulocytes and 
macrophages from progenitor bone marrow cells is mediated 
by a group of protein hormones known as the colony- 
stimulating factors (1). Four distinct colony-stimulating fac- 
tors have been identified in both mouse and human; one of 
these is granulocyte-macrophage colony-stimulating factor 
(GM-CSF). It is produced by various cell types, such as T 
lymphocytes and monocytes (2), and has multiple activities In 
vitro. It not only stimulates the formation of granulocytes and 
macrophages from bone marrow progenitor cells (1) but also 
can activate mature eosinophils, neutrophils, and macro- 
phages (3). 

Both mouse (m) and human (h) GM-CSF have been char- 
acterized by cloning, sequencing, and expression (4, 5). The 
mGM-CSF polypeptide (124 residues; M n 14,346) is 54% 
identical to the hGM-CSF polypeptide (127 residues; Af r , 
14,650). Despite the high degree of homology, the two 
polypeptides are species specific (5). 

Limited information is available on structure-function 
relationships for GM-CSF. Proteolytic digestion of both 
proteins identified two disulfide bonds, linking the first and 
third, and second and fourth cysteine residues (6). Using 
chemically synthesized hGM-CSF protein fragments and 
analogs, Clark-Lewis et al. (7) identified residues 1-13 and 
residues 122-127 as being not critical and residues 14-25 as 
being critical for biological activity. Mutagenesis of mGM- 
CSF by Gough et al. (8) revealed that residues 11-15, 24-37, 
47-49, and 81-89 are obligatory for function. Physical and 
biochemical studies indicate that both the murine and human 
proteins have similar secondary structures containing a- 
helical and 0-sheet segments (9). 



In this report we describe an analysis of a set of deletion 
mutants that together span the entire length of mGM-CSF. 
Characterization of 42 deletion proteins, expressed in Esch- 
erichia coli, has allowed us to identify and delineate four 
regions within mGM-CSF that are critical to the activity of 
the protein. Additional deletion and substitution mutants 
further define the importance of these and other regions of the 
molecule. 

MATERIALS AND METHODS 

Bacterial Host Strains and Vectors. The E. coli K12 strain 
JM101 (10) was used as host for the propagation and main- 
tenance of M13 DNA. CJ236 (11) was used to prepare 
uracil-DNA for use in site-directed mutagenesis. AB1899 (12) 
was used as the host for expression of wild-type and mutant 
mGM-CSF. pINIIIompA2 (13) was used as the expression 
vector for all mGM-CSF genes. Elsewhere, we have de- 
scribed the expression of biologically active, mature GM- 
CSF with this E. coli secretory expression system (14). The 
mGM-CSF coding region was synthetically reconstructed 
using a series of oligonucleotides. Unique restriction sites 
were introduced where possible without altering the protein 
sequence and high-bias E. coli codons (15) were preferen- 
tially used. From this construct, an Xba 1-BamUl fragment 
containing the ompA leader sequence and the entire mGM- 
CSF gene was cloned in M13mpl9 (replicative form) and used 
as the template for site-directed mutagenesis. 

Mutagenesis, Recombinant DNA, and Sequencing Protocols. 
Site-directed mutagenesis followed the protocol described by 
Kunkel et al. (11). Oligonucleotides, 20-28 nucleotides long, 
corresponding to mGM-CSF sequences incorporating the 
desired deletion or mutation were made complementary to 
the template DNA and used as primers in the mutagenesis 
reactions. Three (to five) plaques from each reaction were 
sequenced using the dideoxynucleotide method (16) with 
modifications described in the Sequenase (United States 
Biochemical) protocol. Where possible, the entire GM-CSF 
coding sequence was examined. 

M13 (replicative form) DNA containing correct mutations 
was cleaved with Xba I and BamHl (New England Biolabs). 
The digested M13 (replicative form) was combined in a 40-jil 
ligation mixture containing 0.2 /ig of pINIIIompA2 (cleaved 
with Xba I and BamHl) and incubated at 12°C for 4 hr. The 
ligation mixture was used to transform JM101 cells, and 
selection was made on Luria broth (LB) plates containing 
ampicillin at 50 pg/ml. Correct clones were transformed into 
AB1899 for protein expression. 

Gd Electrophoresis and Immunoblotting. SDS/polyacryl- 
amide gel electrophoresis (SDS/PAGE) was performed as 
described by Laemmli (17). Immunoblotting was performed 
essentially as described by Towbin et al (18), except that 
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transfer occurred at 4°C for 16 hr at 30 V. The primary 
antibody was anti-mGM-CSF peptide hybridoma mgl.8.2 
used at a 1:100 dilution of culture supernatant (19). Second- 
ary antibody was 125 I-labeled mouse anti-rat IgG (Amersham) 
used at a 1: 1000 dilution. Dried blots were exposed to Fuji RX 
film with an intensifying screen for 12-16 hr at -80°C. 

Preparation and Quantitation of Protein Extracts. Five 
milliliters of LB containing ampicillin at 50 jig/ml were 
inoculated with 100 fil of medium from individual overnight 
cultures of AB1899 harboring the wild-type or a mutant 
expression plasmid. The cultures were grown to mid- 
logarithmic phase at 37°C, and protein expression was in- 
duced for 4 hr with 2 mM isopropyl /^D-thiogalactopyran- 
oside, final concentration. Three milliliters of culture were 
centrifuged in a microcentrifuge (American Scientific Prod- 
ucts, Stone Mountain, GA) for 5 min, and the pellet was 
resuspended in 500 ftl of 10 mM sodium phosphate/150 mM 
NaCl, pH 7.0. The cell suspension was then lysed by soni- 
cation in a Branson Cell Disruptor 200 sonifier with 30 0.5-sec 
pulses at 40 W. SDS (0.1%, final concentration) was added to 
the lysates, and the mixtures were incubated for 5 min at 
room temperature and then centrifuged for 5 min in the 
microcentrifuge. The supernatant was recovered, frozen, 
then thawed, and centrifuged for 5 min in the microcentri- 
fuge. Also, osmotic shock fractions of some of the mutants 
were prepared as described by Koshland and Botstein (20). 
This procedure does not require SDS. No difference in 
relative activity could be detected for mutant proteins pre- 
pared according to either procedure. 

Aliquots of samples were analyzed by SDS/PAGE and 
Western immunoblotting. Autoradiograms were scanned by 
an LKB Ultroscan XL laser densitometer, and the concen- 
tration of wild-type and each mutant mGM-CSF protein was 
determined by comparing the area corresponding to the 
processed form of each protein with a standard curve gen- 
erated with purified E. co/i-derived recombinant mGM-CSF. 
A lane containing 30 ng of purified mGM-CSF was included 
on each gel for use as an internal calibration standard. The 
variation in protein concentration was found to be 3- to 5-fold 
based on analysis of extracts from four independent clones of 
the synthetic mGM-CSF construct expressed in AB1899 
cells. 

NFS-60 Proliferation Assay for mGM-CSF Activity. Ex- 
tracts were assayed using the myeloid cell line NFS-60. 
Sample concentrations of mGM-CSF protein were adjusted 
to 36 ng/ml and titrated in quadruplicate to 0.2 pg/ml. The 
3-[4,5-dimethylthiazoI-2-yl]-2,5-diphenyltetrazolium bro- 
mide (MTT) colorimetric assay described by Mosmann (21) 
was used to measure the extent of proliferation, and absor- 
bance values were read with a kinetic micropiate reader 
(Molecular Devices, Palo Alto, CA). The concentration of 
each mutant and wild-type mGM-CSF that gave 50% maxi- 
mum response was determined, and relative activity was 
calculated using the relationship: % activity = ([wild- 
type]i/2/[mutant] 1/2 ) x 100%, where [wild-typeh/2 and 
[mutant]i/2 are the concentrations of wild-type and mutant 
mGM-CSF proteins, respectively, that gave 50% maximum 
response in the NFS-60 assay. 

RESULTS 

Systematic Introduction of Deletions Throughout mGM- 
CSF. The structural and functional importance of specific 
regions within the mGM-CSF polypeptide were determined 
by the systematic introduction of deletions along the entire 
length of the molecule (Fig. 1). Deletions of three amino acids 
were introduced every five amino acids on a synthetically 
generated mGM-CSF DNA sequence by site-directed muta- 
genesis. The positions of certain deletions (VIOand V17) were 
chosen to preserve cysteine residues. In all cases the altered 




Fig. 1. Location of deletions. The primary amino acid sequence 
of mGM-CSF is shown with every 10th amino acid in boldface type. 
Each shaded box contains the amino acids deleted for a given mutant; 
the numerals below each box identify the respective mutant. 

mGM-CSF coding regions were expressed using the plasmid 
vector pINIIIompA2 (13). The leader sequence of the ompA 
gene was fused to the mGM-CSF mature sequence, directing 
the mGM-CSF protein to the E. coli periplasm. Here the 
leader sequence is removed, generating mature GM-CSF 
(14). The E. coli Ion' host AB1899 was used to minimize 
proteolysis in the hope that similar expression levels would 
be obtained for each mutant protein (12). The amount of each 
mutant polypeptide produced was determined by Western 
immunoblotting. Levels of altered GM-CSF in E. coli ex- 
tracts were found to vary over a 10-fold range. We do not 
know whether this variation reflects differences in expression 
or stability of individual polypeptides in this E. coli host. 
Quantitative immunoblotting allowed us to correct for dif- 
ferences in the amounts of protein found in the extracts. 
Samples containing each mutant protein at 36 ng/ml were 
assayed for their ability to stimulate the proliferation of the 
mouse myeloid cell line NFS-60. Results were expressed as 
specific activity relative to that of native mGM-CSF pro- 
duced and assayed under the same conditions (Table 1). The 
sensitivity of the assay was estimated to be 0.01% of wild- 
type activity. Any mutant protein exhibiting less than this 
activity was considered inactive, and the amino acid residues 
in a corresponding deletion mutant were referred to as critical 
to the activity of mGM-CSF. Mutants of >0.01% wild-type 
activity were considered active, and the deleted residues of 
such mutants were defined as noncritical. The term critical 
does not distinguish between those residues that are critical 
for the structural integrity of the polypeptide or those resi- 
dues that are involved in a direct functional role — e.g., 
receptor binding, activation, or both. 

Definition of Four Regions Critical to the Activity of mGM- 
CSF. Deletions in an initial set of 24 unique polypeptides 
defined four regions that were most critical to the activity of 
mGM-CSF (Table 1; Vl-24). Additional deletion mutants 
(Table 1; V25-42) were generated and tested for activity to 
define more precisely the bounderies of the critical regions 
identified in the first set of mutants. 

Critical region L This region is defined by the mutants V4, 
-5, -25, -26, -27, -28, -41 and -42 and corresponds to amino 
acids Ala-18 to Ala-22. Mutants V5 and -28 cover amino acids 
Leu-23 to Leu-26. Although these deletions result in a 
100-fold decrease of activity, Leu-23 to Leu-26 are consid- 
ered expendable according to our definition of a critical 
residue. Such regions are undoubtedly important for a fully 
functional GM-CSF polypeptide but do not constitute critical 
residues. 
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Table 1. Activity and alterations of mutant mGM-CSF proteins 



Mutant protein* 


Alteration* 


% activit 


VI 


4-6 


343 


V2 


9-11 


789 


V3 


14-16 


70.3 


V4 


19-21 


<0.01 


V5 


24-26 


0.8 


V6 


29-31 


4.6 


V7 


34-36 


<0.01 


V8 


39-41 


<0.01 


V9 


44-46 


1.9 


vio 


48-50 


0.3 


Vll 


54-56 


<0.01 


vn 


59-61 


<0.01 


V13 


64-66 


572 


V14 


69-71 


5.7 


V15 


74-76 


1.1 


V16 


79-81 


3.0 


m 


83-84:86-87 


9.9 


V18 


89-91 


0.07 


V19 


94-96 


<0.01 


V20 


99-101 


<0.01 


Vll 


104-106 


<0.01 


V22 


109r-lll 


<0.01 


V23 


114-116 


<0.01 


V24 


119-121 


167 


V25 


15-17 


5.6 


V26 


16-18 


<0.01 


V27 


17-19 


<0.01 


V28 


23-25 


0.7 


V29 


31-33 


3.7 


V30 


42-44 


0.1 


V31 


52-54 


<0.01 


V32 


61-63 


<0.01 


V33 


62-64 


0.03 


V34 


63-65 


0.03 


V35 


90-92 


0.02 


V36 


117-119 


1.5 


V37 


96-98 


<0.01 


V38 


102-104 


<0.01 


V39 


107-109 


<0.01 


V40 


112-114 


<0.01 


V41 


21-23 


<0.01 


V42 


22-24 


<0.01 


VN19 


2-19 


<0.01 


VC94 


94-124, 






Cys-85 Ser 


<0.01 


VC116 


116-124 


94.1 


C118* 


Cys-118 -* Stop 


158 


K119* 


Lys-119 -» Stop 


968 


C51S 


Cys-51 -* Ser 


<0.01 


C85S 


Cys-85 -* Ser 


15.4 


C93S 


Cys-93 Ser 


<0.01 


C118S 


Cys-118 -* Ser 


6.1 


C51:93S 


Cys-51 Ser 






Cys-93 -> Ser 


<0.01 


C85:118S 


Cys-85 -> Ser, 






Cys-118 Ser 


129 


mGM-CSF 


Wild-type 


100 



tVl to V24 were the first series of deletion mutants tested. 
^Numbers indicate residues deleted in deletion mutants or residue 
changes. 

* Activity is relative to that of wild-type mGM-CSF. 

Critical region II. This region is defined by the mutants V7, 
-8, -29, and -30 and corresponds to amino acids Asn-34 to 
Ser-41. V7 and -8 are deletions interior to the critical region; 
V29 and -30 define the maximum N- and C-terminal borders, 
respectively. V29 has appreciable activity, =»3.7%, and thus 
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it is possible that this critical region does not begin until 
Glu-35 or Glu-36; however, it must contain Glu-36 as this is 
the most 3' residue contained in VI. Conversely, V30 has very 
low activity, <Q.1%, and thus the C-terminal border is most 
likely defined by Ser-41. 

Critical Region III. This region is defined by deletion mutants 
VII, -12, -31,-32, -33, and -34 and comprises amino acids Val-52 
to Gln-61. Both Vll and -31 are inactive and contain Thr-54, and 
thus this residue defines the minimum N-terrninal boundary of 
this critical region. The use of additional three-amino acid 
deletion mutants at this junction is problematical, as they 
necessarily would include Cys-51 that was shown to be essential 
for function (see below). The mutants V32, -33, and -34 precisely 
define the C-terminal border of this critical region as Gln-61. In 
this overtopping series, V32 is inactive, but V33 and -34 have low 
activity («0.03%). 

Critical Region IV. This region is defined by the mutants 
V19, -20, -2i, -22, -23, -36, -37, -38, -39, -40, and -C116 and 
comprises amino acids Glu-94 to Pro-115. It is the largest 
critical region in the molecule, spanning 22 amino acids or 
**18% of the mature mGM-CSF sequence. The N-terminal 
border is defined by V19 and, as in critical region III, is 
flanked by a critical cysteine residue, Cys-93 (see below). In 
this case, the amino acids N-terminal to Cys-93 appear to be 
fairly important for activity, as both V18 and -35 have very 
low activity (0.07 and 0.02%, respectively). The C-terminal 
end is defined by either Ile-114 or Pro-115, as both of these 
residues are contained in V23, and Pro-115 is the final residue 
in the active VC116 protein product. 

Fig. 2 is an illustration of the relative biological activity of 
all 42 deletion proteins vs. the location of their deletions. This 
representation reflects the relative contribution of each seg- 
ment of the molecule to the activity of intact GM-CSF, 
revealing both critical and noncritical regions. The four 
critical regions comprise 35% of the residues. The other 65% 
of the molecule can tolerate small deletions without complete 
loss of activity. It is important to note that, although 65% of 
the residues in GM-CSF seem noncritical, this does not imply 
that these regions can be deleted altogether; as is evident 
from Fig. 2, even small deletions, such as those generated 
here, often result in a substantial reduction in activity. Some 
mutant proteins have an activity that is considerably higher 
than that of native mGM-CSF. Deletions in these hyperactive 
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Fig. 2. Relative activity vs. location of deletion. Each mutant 
protein was assayed by its ability to drive NFS-60 proliferation. The 
percent of its half-maximal response relative to wild-type mGM-CSF 
is plotted against the location of the central amino acid of the 
deletion. The sensitivity of the assay was estimated to be 0.01% of 
wild-type activity; any mutant protein containing less than this 
activity was scored as inactive. 
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proteins seem to cluster at either terminus. At present we 
have no explanation for this phenomenon. 

The N and C Termini Are Not Important for Activity. N 
terminus. Four N-tenhinal deletion mutants, VI, -2, -3, and 
-25, retain biological activity. All except V25, which lies at the 
border of critical region I, have close to, or greater than, full 
activity. V25 has appreciable activity (5.6%). These data 
suggest that the N-terminal 16 amino acids are expendable, 
and that Glu-17 is noncritical. The mutant VN19, which 
deletes Pro-2 to Ile-19, was generated to mimic active mu- 
tants of human GM-CSF (7). However, we found this mutant 
protein to be inactive, consistent with our observation that it 
contained the two N-terminal residues of critical region I. 

C terminus. The mutant VC116, which deletes the C- 
terminal 9 amino acids, is fully active. As the number of 
deleted amino acid residues decreases, the activity of each 
successive molecule increases: C118* increases to 158%; 
K119*, encoding Ala-1 to Cys-118, increases to 968%. V24 
and -36 have deletions in the expendable C-terminal domain 
and both yield active molecules, but they have significantly 
less activity than the corresponding C-terminal "complete** 
deletion mutants (1.5% for V36 vs. 94% for VC116; 167% for 
V24 vs. 968% for K119*). 

Sequences Between Critical Regions Are Not Essential for 
Activity. Segments of GM-CSF that could tolerate small 
deletions without a total loss of activity were defined as 
noncritical. Three groups of active mutants can be identified: 
(0 those of greater or equal activity as wild-type; (ft) those 
having appreciable, but reduced activity (1-10%); and («i) 
those of greatly diminished activity (<1%) (see Fig. 2). 

The first group is comprised of almost all N- and C-terminal 
mutants: VI, -2, and -3 at the N terminus, and V24, K119*, 
C118*, and VC116 at the C terminus. Only mutant V13 at amino 
acids 64-66, which falls immediately after critical region III, 
results in a fully active molecule with an internal deletion. The 
intermediate class includes V5, -6, -9, -14, -15, -16, -17, -25, -28, 
-29, and -36 (V5 and -28 have close to 1% activity). Although 
clearly important to the activity of the molecule, the amino acids 
defined by these deletions are not critical. The last group 
includes V10, -18, -30, -33, -34, and -35. All fall on the borders 
of critical regions and have greatly reduced activities. Such 
mutant proteins are probably of low activity because they may 
perturb the integrity of the critical regions (see Discussion). 

The Disulfide Bridge from Cys-51 to Cys-93 Is Critical for 
Activity. Protease digestion analysis of h- and mGM-CSF (6) 
suggests that the four cysteines in GM-CSF pair 1-3 and 2-4. 
We generated mutant proteins that changed the four individ- 
ual cysteines to chemically similar serine residues, as well as 
double mutants that changed both cysteines of the proposed 
pairs to serines. The activities of each of these mutant 
proteins are summarized in Table 1. 

Changes of either or both Cys-51 and Cys-93 eliminated 
biological activity. These results show that the formation of 
this disulfide bond is absolutely required for an active mol- 
ecule. In contrast, changes of Cys-85 or Cys-118 resulted in 
active molecules, albeit with lower than wild-type activity. 
The double mutant C85:118S, in which both Cys-85 and 
Cys-118 were replaced by Ser, retained full activity. As one 
or both of these cysteines could be removed without elim- 
inating activity, the disulfide bridge from Cys-85 to Cys-118 
is evidently nonessential. The reduction of activity by an 
unpaired cysteine, as observed for mutant proteins C85S and 
C118S, in which Cys-85 was replaced by Ser and Cys-118 was 
replaced by Ser, respectively, may result from formation of 
inappropriate disulfide linkages. 

DISCUSSION 

The aim of our work was to delineate regions critical to the 
activity of mGM-CSF. Four regions of this nature, compris- 



ing 35% of the mature protein, were identified using system- 
atic incorporation of deletions into the wild-type sequence. 
The decision to set the size of the deletions at three amino 
acids was based on the fine structural deletion map of the 
lymphokine mouse interleukin 2 (22). In this study, three 
regions critical to activity were identified by a variety of 
techniques. A hypothetical deletion analysis of mouse inter- 
leukin 2 with various deletion sizes revealed that all three 
critical regions could be identified using deletions of three 
amino acids incorporated as infrequently as every 10 amino 
acids. Larger deletions would require fewer mutants but 
present the risk of introducing gross structural changes 
causing inactivation independent of removing functionally 
important regions. Smaller deletions, although increasing the 
precision in delineating boundaries, begin to require large 
numbers of mutants to effectively locate all important re- 
gions. The series of deletions used here left not more than two 
adjacent amino acids unperturbed, making it unlikely that any 
critical regions was overlooked. 

Identification of critical regions exposed by the deletion 
approach used here requires careful consideration. By de- 
leting any three-residue region, neighboring residues may be 
forced to occupy the space vacated by the missing residues. 
This transposition of residues may sometimes result in an 
inactive mutant as important residues are dislocated from 
their natural position. This type of secondary effect would 
result in the identification of these residues as being critical, 
even though they are not directly responsible for biological 
function. We cannot rule out this possibility. However, the 
removed residues are justifiably defined as critical since they 
are required for an active molecule. With respect to this 
issue, it is noteworthy that all highly defective mutant pro- 
teins (<1% activity) fall on the borders of critical regions. 
Presumably these proteins have severely reduced activities 
because they perturb the neighboring critical regions. 

To identify amino acid residues that are most important for 
activity, only those residues deleted in mutant proteins with 
undetectable activity were scored as critical. A consequence 
of this arbitrary definition was that deleted residues of some 
highly defective mutant proteins were considered noncritical. 
This does not imply that these residues are unimportant: it 
simply means that these residues are of lesser importance 
than critical residues. 

A synthetic mGM-CSF gene was used as the base template 
for generating all the mutants used in this study. Although it 
is not necessary for the methodology employed, we chose to 
make a synthetic gene because it facilitates examination 
through other mutational techniques. By identifying a limited 
number of regions important to an active molecule, it will be 
possible to focus on these areas using more intensive meth- 
ods such as saturation mutagenesis and the random replace- 
ment of specific amino acids. The presence of unique restric- 
tion sites available in a synthetic gene permits convenient 
access to these regions of interest. 

The nature of a critical region, whether it is functionally or 
structurally important, cannot be distinguished by the dele- 
tion method employed here. Extensive analysis of each 
critical segment will be required to determine their specific 
roles. However, some information can be obtained by a 
parallel analysis of the critical regions of m- and hGM-CSF. 
These proteins are similar molecules, both in primary se- 
quence («*54% identity) and conformation (9). Yet the two 
polypeptides are species specific. Comparison of the work 
described here and that of Clark-Lewis et al. (7) on synthetic 
peptide analogs of hGM-CSF shows that the two species 
share similar domains. The size and relative location of our 
critical region I coincide with that found in hGM-CSF. 
Similarities in amino acid composition around this region also 
imply that these respective critical regions are acting in a like 
manner. The strongly hydrophobic nature of this portion of 
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the molecule as well as the observation that Trp-13 (of mouse) 
is solvent-inaccessible (9) indicate the region is internal. This 
suggests that critical region I is structurally important. In 
apparent contradiction with our results, Clark-Lewis et al. (7) 
find that a hGM-CSF molecule extending to residue 96 (the third 
cysteine) retains residual activity; the corresponding mGM- 
CSF deletion mutant VC94 has no activity. This discrepancy 
could reflect a difference in the sensitivity of the assay. 

Gough et al (8) have identified residues 11-15, 24-37, 
47-49, and 81-89 as required for generating a functional 
mGM-CSF. The present work and that of Zurawski and 
Zurawski (22) demonstrate the importance of correlating 
expression levels of mutant proteins with their corresponding 
activities. The inability of Gough et al. (8) to determine the 
mutant protein concentrations may explain why none of the 
critical regions identified in the present work coincide with 
their results; it is possible that insufficient expression of 
mutant proteins accounts for their negative assay results. 
Additionally, their use of large deletions to identify critical 
regions introduces the potential of gross structural changes 
that may have resulted in nonspecific inactivation of the 
mGM-CSF protein. 

Circular dichroism measurements (9) and structure predic- 
tions using the algorithm of Chou and Fasman (23) suggest 
that m- and hGM-CSF are composed of both or-helical and 
/3-sheet segments. We have compared the predicted locations 
of secondary structural components and the critical regions 
determined by this study. Interestingly, critical regions III 
and IV are predicted to be 0-sheet segments, the borders of 
which coincide with the boundaries of these critical regions. 
These regions are each flanked on the N-terminal side by a 
cysteine residue involved in the formation of the critical 
disulfide bridge: Cys-51 for critical region III and Cys-93 for 
critical region IV (Fig. 3). Therefore, this disulfide bond 
might play a direct role in the arrangement of these critical 
regions with respect to one another. Since these regions are 
predicted to be 0-sheet segments, it suggests that critical 
regions III and IV may form a parallel /3-sheet structure. 
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Fig. 3. Salient features of mGM-CSF. The four critical regions 
are indicated by bars above the primary amino acid sequence. The 
essential disulfide bridge is shown by the heavy line between the two 
cysteines that border the N-terminal sides of critical regions III and 
IV. The other nonessential disulfide bridge is represented by a 
broken line. 



The analysis presented here begins to unravel the different 
structural and/or functional elements of GM-CSF. Identifi- 
cation of critical regions provides the opportunity to rapidly 
analyze the essential components of the protein. The knowl- 
edge gained from these studies would lead to a better func- 
tional understanding of this lymphokine. 
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Identification of Residues in the First and Fourth Helices of Human 
Granulocyte-Macrophage Colony-Stimulating Factor Involved in Biologic 
Activity and in Binding to the a- and 0-Chains of Its Receptor 

By Timothy R. Hercus, Bronwyn Cambareri, Mara Dottore, Joanna Woodcock, Christopher J. Bagley, 
Mathew A. Vadas, M. Frances Shannon, and Angel F. Lopez 



Residues within the first and fourth helices of human granu- 
locyte-macrophage colony-stimulating factor (hGM-CSF) 
were analyzed for their role in biologic activity and interac- 
tion with the a- and 0-chains of the hGM-CSF receptor. 
Within the first helix substitution of the surface residues 
Glu 14 , Asn 17 , Gin 20 , Arg 28 , Arg 24 , and Asn 27 or the buried resi- 
dues Ala 18 , Leu 26 , and Leu 28 did not significantly impair bioac- 
tivrty or receptor binding. Substitutions at the buried resi- 
dues Ala 22 and Leu 26 had intermediate bioactivrty. However, 
substitutions of the surface residue Glu 21 or the buried resi- 
due lie 19 reduced the relative bioactivity of the analogues to 
as little as 0.45% and 0.3%, respectively. Substitution of the 
charged surface residues of the fourth helix showed that 

HUMAN GRANULOCYTE-macrophage colony-stimu- 
lating factor (hGM-CSF) is a pleiotropic cytokine 
that, by its ability to regulate leukocyte production and func- 
tion, is likely to play a central role in hemopoiesis, inflam- 
mation, and allergy. 1 " 4 hGM-CSF exerts its effects by binding 
to cell surface receptors 3 - 6 that have been shown to exist in 
both a low- and a high-affinity state. 7 The GM-CSF receptor 
is composed of at least two chains; a GM-CSF-specific a- 
chain 8 that binds with low affinity and a /3-chain 9 common 
to the receptors for GM-CSF, interleukin-3 (IL-3), and IL- 
5, which does not bind GM-CSF detectably by itself but 
confers high-affinity binding when cotransfected with the a- 
chain. The identification of hGM-CSF residues capable of 
selectively interacting with the a- or the /^-chains of the 
hGM-CSF receptor and their relevance to function may pro- 
vide useful clues to dissect hGM-CSF activities and to pro- 
vide a basis for the construction of hGM-CSF molecules 
with modified functions. 

Determination of the structure of recombinant hGM-CSF 
(rhGM-CSF) by x-ray crystallography 10 showed that the 
principal structural feature of hGM-CSF is a four-a -helix 
bundle with a double overhand topology. This fold is com- 
mon to many of the known cytokine structures, including 
macrophage-CSF, n IL-2, 12 IL-4, U IL-5, 14 and growth hor- 
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substitution at Glu 104 , Lys 107 , and Lys 1 " had no significant 
effect on bioactivity, but substitution at Glu 108 and Asp 112 
reduced the potency of the analogues to 34% and 7%, re- 
spectively. Receptor binding studies showed that whereas 
Glu 21 is the critical residue for binding to the hGM-CSF- 
receptor /3-chain, Asp 112 is likely to be involved in binding 
to the GM-CSF-receptor a-chain. These results establish the 
relative contribution of residues in the first and fourth heli- 
ces for GM-CSF bioactivrty and receptor binding, and sup- 
port a model where the fourth helix of GM-CSF interacts 
with the a-chain, and the first helix with the 0-chain of the 
GM-CSF receptor. 

© 1994 by The American Society of Hematology. 

mone.' 5 This structural conservation among the cytokines is 
striking considering the low level of sequence similarity. 

Previous experiments using a chemical-synthesis ap- 
proach, 16 neutralizing anti-GM-CSF monoclonal antibodies 
(MoAbs) 17 ' 19 and human-mouse GM-CSF chimeras 20,21 have 
shown that the first and fourth helices of GM-CSF are in- 
volved in receptor binding and bioactivity. Recent experi- 
ments have shown that the first a-helices of GM-CSF and IL- 
5 mediate the high-affinity binding of these ligands through 
interaction with their common receptor 0-chain. 22 In particu- 
lar, we have shown that residue Glu 21 but not Gin 20 of hGM- 
CSF is essential for this interaction. 23 In murine GM-CSF, 
Lys 14 , His 15 , and Glu 21 have been shown to be important for 
receptor binding and bioactivity. 24,25 

We have now performed extensive mutagenesis of resi- 
dues in the first helix of hGM-CSF and substituted the 
charged surface residues of the fourth helix to determine 
their relative contribution to receptor binding and bioactivity. 
Substitution of surface residues within the first helix identi- 
fied Glu 21 as the major residue having a significant role in 
receptor binding and biologic activity. Analysis of buried 
residues in the first helix suggests that He 19 is probably im- 
portant in maintaining the correct tertiary structure. Substitu- 
tion of charged surface residues within the fourth helix iden- 
tified Asp 1 12 as having a role in biologic activity and receptor 
binding. These data are consistent with a model where Asp 112 
interacts with the a-chain, and Glu 21 with the £-chain of the 
hGM-CSF -receptor complex. 

MATERIALS AND METHODS 

Site-directed mutagenesis. Site-directed mutagenesis of an 
hGM-CSF cDNA clone kindly provided by Dr S. Clark (Geneu'cs 
Institute, Cambridge, MA) was performed in phage Ml 3, as de- 
scribed, 23 or by oligonucleotide cassette mutagenesis (OCM). The 
mutant GM-CSF constructs Q20A*. E21A, E21R, A22P, R24D, 
K107D, E108R, Kl 1 ID, and Dl 12R were generated in phage M13 
before being subcloned into the mammalian expression vector 
pJL4. 26 The mutant GM-CSF construct El 04 A arose as the result of 



* GM-CSF mutants are described using the single-letter amino 
acid code where the wild-type residue and residue number are listed, 
followed by the mutant residue. 
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a serendipitous mutation during a polymerase chain reaction (PCR) 
amplification. Sequence analysis of the entire GM-CSF PCR product 
showed the E104A mutation to be a unique substitution. 

The remaining mutant GM-CSF constructs were generated using 
a cassette mutagenesis approach in which short fragments (<60 
bp) of wild-type GM-CSF cDNA were replaced by double-stranded 
oligonucleotide fragments carrying appropriate mutations. Vectors 
for OCM were prepared by introducing unique restriction sites span- 
ning the first a-helix of the GM-CSF cDNA without altering the 
encoded protein sequence. Paired combinations of the Sal I sites at 
positions 84 and 126 and an Xba I site at position 144 were intro- 
duced into the GM-CSF cDNA 27 using the phage MB method. The 
mutated cDNA was then subcloned into the mammalian expression 
vector pJL5, a modified form of the pJL4 vector in which the BomHI, 
Xba I, and Sal I sites of the polylinker have been destroyed. The 
resulting pJGMV plasmids express wild-type GM-CSF and were 
used as vectors for OCM. 

Mutagenic oligonucleotides for OCM were synthesized as unique 
or redundant sequences on an Applied Biosystems 381 A DNA Syn- 
thesiser (Applied Biosystems, Foster City, CA). Purified, comple- 
mentary oligonucleotides were 5' phosphorylated and annealed to 
create double-stranded oligonucleotide fragments that were then li- 
gated to appropriately digested and dephosphorylated pJGMV vec- 
tors. 

All plasmids carrying GM-CSF mutants were sequenced at the 
site of mutation before transfection 28 and in the OCM -derived mutant 
constructs, the entire oligonucleotide cassette was sequenced. 

Transient expression of GM-CSF and analogues in COS cells. 
COS cells were cultured and transfected with plasmid constructs as 
described. 23 Briefly, COS cells were cultured in Dulbecco's Modified 
Eagle's Medium (DMEM) containing 20 mmol/L HEPES and gluta- 
mine, penicillin, and gentamicin, supplemented with 109b (vol/vol) 
fetal calf serum (FCS). Cells were harvested when 50% to 70% 
confluent and were electro porated in a 0.6 mL mixture containing 
5 X 10 6 COS cells, 20 ng plasmid DNA, 25 Mg sonicated salmon 
sperm DNA, and 10% FCS, using a Bio-Rad Gene Pulser (Bio-Rad 
Laboratories, Richmond, CA) at 300 V and 250 microfarad. After 
a 24-hour incubation, the medium was replaced with FCS -free 
DMEM and incubated for a further 72 hours before being harvested 
and assayed for GM-CSF protein. 

Construction of stable Chinese hamster ovary (CHO) cell lines 
expressing the low-affinity GM-CSF receptor, A cDNA clone for 
the hGM-CSF- receptor o-chain 8 was kindly provided by Dr N. 
Nicola (The Walter and Eliza Hall Institute, Parkville, Victoria, Aus- 
tralia) and cloned into the G-418-selectable, mammalian expression 
vector pRc/CMV (Invitrogen Corporation, San Diego, CA). CHO 
cells were grown to approximately 80% confluence in Hams F12 
nutrient medium containing penicillin and gentamicin and supple- 
mented with 10% FCS. Linearized plasmid constructs were intro- 
duced into CHO cells by electroporation at 1,300 V and 25 pF 
using 5 x 10 3 CHO cells and 10 p.% plasmid DNA. Two days after 
transfection, selective F12 medium containing 350 /ig/mL G-418 
(Geneticin; GIBCO Laboratories, Glen Waverly, Victoria, Australia) 
was added to the cells. From the G-418 -resistant CHO colonies, 
the A9/C7 cell line stably expressing high levels of the GM-CSF- 
receptor a-chain was selected and used for low-affinity GM-CSF- 
receptor binding assays. Scatchard analysis showed from 2 to 5 X 
10 5 binding sites per cell. 

Preparation of l25 I-rhGM-CSF. Typically Escherichia co/i-de- 
rived hGM-CSF was radioiodinated by the IC1 method 29 to a specific 
activity of approximately 60 /iCi/fig. lodinated protein was separated 
from free l25 I by chromatography on a Sephadex G-25 PD- 10 column 
(Pharmacia, Uppsala, Sweden) equilibrated in phosphate-buffered 
saline (PBS) containing 0.02% (vol/vol) Tween 20 [polyoxyethylene 
(20)-sorbitan monolaurate]. Before use, the iodinated protein was 



purified from Tween by cation-exchange chromatography on a 0.3 
mL CM-Sepharose CL-6B column (Pharmacia). 

Quantitation and purification of GM-CSF protein. Hie amount 
of GM-CSF present in COS cell supematants was quantified by 
radioimmunoassay (RIA) using a modification of the procedure de- 
scribed by Lopez et al. 23 Briefly, ,25 I-rhGM-CSF (0. 1 ng) was mixed 
with COS cell supematants and polyclonal rabbit anti-GM-CSF 
serum and incubated at 4°C for 2 to 4 hours, and an equal volume of 
reconstituted antirabbit Immunobead reagent (Bio-Rad Laboratories) 
was added. After a further 2 to 16 hours of incubation at 4°C, the 
beads were pelleted, washed twice in PBS containing 0.1% (wt/vol) 
bovine serum albumin (BSA), and counted in a y -counter (Cobra 
Auto Gamma; Packard Instrument Co, Meriden, CT). The amount 
of GM-CSF protein was calculated from a standard curve constructed 
with known amounts of CHO-derived hGM-CSF (gift from Dr S. 
Clark, Genetics Institute, Cambridge, MA). 

MoAbs to GM-CSF were produced by immunizing BALB/c mice 
with purified rhGM-CSF. The splenocytes from these mice were 
fused with Sp2/0 myeloma cells, and the resulting hybridomas 30 
were screened for the ability to immunoprecipitate ,23 I-rhGM-CSF. 
The positive hybridoma 4D4 was cloned by limiting dilution and 
used to generate ascites from BALB/c mice. Certain mutants were 
selected for affinity purification using an immunoaffinity column 
containing the anti-GM-CSF MoAbs 4D4 or LMM 1 1 1," the latter 
kindly provided by Dr J. Cebon (Ludwig Institute for Cancer Re- 
search, Parkville, Victoria, Australia). Partially purified antibodies 
were coupled to cyanogen bromide (CNBr>activated Sepharose 4B 
beads (Pharmacia) according to the manufacturer's protocol. Purified 
hGM-CSF analogues were then quantified by RIA. 

GM-CSF functional activity. GM-CSF analogues were tested for 
bioactivity in a proliferation assay. Primary chronic myeloid leuke- 
mia (CML) cells from one patient were selected for their ability to 
incorporate [ 3 H]thymidine in response to GM-CSF as described. 32 

Data analysis. Data from proliferation assays were analysed us- 
ing the Fig P program (Biosoft, Cambridge, UK). The equation for 
an asymmetric sigmoid curve that fitted the data was obtained using 
Fig P, and, from this, the concentration of hGM-CSF analogue re- 
quired to elicit a biologic response equivalent to the half-maximal 
response for wild-type hGM-CSF (ED*) was calculated. The bio- 
logic activity of the hGM-CSF analogues is expressed as a percent- 
age of wild-type, where wild-type activity is defined as 100%. The 
percentage of relative GM-CSF activity was calculated using the 
formula: 

Wild-Type hGM-CSF ED50 (ng/mL) x {0Q 

Analogue Dose Equivalent to 

Wild-Type ED» Response (ng/mL) 

Using the log t0 value of the percentage of relative activity, means 
and standard deviations were calculated for the individual analogues 
and expressed as percentage of relative activity. 

Radioreceptor assays. Competition for binding to the hGM-CSF 
high-affinity receptor was determined using freshly purified neutro- 
phils that only express this type of receptor. The cells were suspended 
in binding medium consisting of RPMI 1640 supplemented with 
10 mmol/L HEPES, 0.5% (wt/vol) BSA, and 0.1% sodium azide. 
Typically, equal volumes (50 /xL) containing 4 to 6 X 10 6 neutro- 
phils, 100 to 200 pmol/L ,25 I-rhGM-CSF, and different concentra- 
tions of wild-type GM-CSF or GM-CSF analogues were incubated 
in siliconized glass tubes for 2 to 3 hours at room temperature. 

Competition for binding to the low-affinity GM-CSF receptor was 
performed using the A9/C7 CHO cell line. A9/C7 cells were de- 
tached from flasks by a 5- to 10-minute incubation at room tempera- 
ture in PBS containing 40 mmol/L EDTA/100 /ig/mL chondroitin 
sulfate (Calbiochem, La Jolla, CA), were washed, and were resus- 



3502 



HERCUS ET At 



GM-CSF mutations 

| E14 N17 Q20 E21 R23 R34 N27 

• K Q T A A D K S IE K A E DNASQR L G N D E D S N ATRDSK 




Mr 1 

Fig 1. Relative biologic activity of substitution mutants of surface residues within the first helix of hGM-CSF is shown. Bioactrvity was 
assayed using the GM-CSF-dependent proliferation of primary CML cells. Columns represent variation in potency from wffbVtype hGM-CSF 
bioactivlty for each of the GM-CSF mutants, using the mean from at least two experiments in which full titrations were performed. Potency 
was defined as the concentration of mutant protein required to elicit a response equivalent to the 50% maximal response induced by wild- 
type hGM-CSF and is expressed as a percentage of the wild-type hGM-CSF concentration. For certain mutants with low activity, relative 
potency was determined at a level equivalent to 25% of the maximal response for wild-type hGM-CSF. Bars indicate the single-sided standard 
deviation from all assays. GM-CSF mutants are described in one letter code, listing the wild-type residue and position above the substitution 
residues. 
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Fig 2. Relative biologic active 
Hy of substitution mutants of 
burled residues within the first 
helix of hGM-CSF is shown. Bio- 
activlty Was determined as de- 
scribed for Fig 1. 
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Fig 3. Competition for ,25 l-rhiGM-CSF binding to 
high-affinity GM-CSF receptors on neutrophils by 
GM-CSF analogues mutated at (A) surface residues 
or (B) buried residues. Neutrophils (4 x 10*) were 
incubated at room temperature for 2.5 hours in the 
presence of tZ5 l-hGM-CSF (150 pmoi/U and a 15- 
fold excess of Wild-type GM-CSF or GM-CSF mutant. 
Nonspecific binding was determined in the presence 
of a 100-fold excess of unlabeled recombinant hGM- 
CSF. the percentage competition of each mutant for 
m l-rhGM-CSF binding, was determined from the 
meen of two replicates and is expressed relative to 
the competition of wild-type hGM-CSF taken as 
100%. 



jg GM-CSF mutations 




pended in binding medium. Typically, equal volumes (50 iA) con- 
taining 6 X 10 s A9/C7 CHO ceUs, 500 pmol/L ^I-rhGM-CSF, and 
different concentrations of wild-type GM-CSF or GM-CSF ana- 
logues were incubated in siliconized glass tubes for 2 to 3 hours at 
room temperature. In each case, the cell suspensions were overlaid 
on 200 fih of cold FCS and were centrifuged at room temperature, 
and the dp of each tube, containing the visible cell pellet, was cut 
off and counted in a -y-counter. Data from receptor-binding experi- 
ments was analyzed, using the £BDA/Ligand 3> programs (Biosoft). 
The percent coefficient of variance <%CV) was determined for wild- 
type GM-CSF (%CV, 20) and DU2R (%CV t 11) binding to human 
neutrophils. 

GM-CSF molecular modelling. The coordinates for GM-CSF 
were kindly provided by Dr A. Karplus (Cornell University, Ithaca, 
NY) and were displayed using insight II software (Biosym Tech- 
nologies, San Diego, CA). 

RESULTS 

Biologic activity of mutants in the first helix ofhGM-CSF. 
Residues in the first helix of hGM-CSF were substituted by 



different amino acids with a particular emphasis on altering 
the charge of residues lying on the surface of the helix. 
Functional analysis of mutations affecting residues on the 
surface of the first helix indicated that of all exposed residues 
Glu 21 was the major residue that contributed significantly to 
the bioactivity of GM-CSF. Hie residues Asn 17 , Gin 20 , Arg 23 , 
and Arg 34 made only minor contributions as assessed by the 
GM-CSF-dependeht proliferation of primary human CML 
cells. Interestingly, certain mutations such as N17A, R23L, 
R24E, and most residue 27 mutants consistently generated 
higher biologic activity than wild-type GM-CSF. The hierar- 
chy of residue sensitivity and fold decrease in activity (in 
parentheses) for the most deleterious mutation at each resi- 
due was Glu 21 (220) » Arg 23 (2) = Gln^l.O) > At$»(U) 
> Asn"(1.5) > Asn 27 (l.l) > GIu ,4 (l) (see Fig J). 

Analysis of mutations affecting residues of the first helix 
that are buried in the protein core indicated that these resi- 
dues are less tolerant to substitution. The hierarchy of residue 
sensitivity and fold decrease in activity for the most deleteri- 
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Fig 4. Competition is shown for 1l5 l-rhGM-CSF binding to (A) high 
receptors on A9/C7 CHO cells by different concentrations of wild-type 
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GM-CSF (ng/ml) 

-affinity GM-CSF receptors on neutrophils end (B) low-affinity GM-CSF 
GM-CSF (■), R23D (□), E21R (♦), and D112R (O). 



ous mutation at each residue was He l9 (330) > Leu 26 (7.7) > 
Ala^eJ) > LevP(L6) = Ala 18 (1.6) > Leu 28 (0.9) (see Fig 
2). We found that all the GM-CSF analogues mutated at 
residue 22 expressed very poorly in the COS cell system, 
yielding approximately 10% of wild-type GM-CSF levels 
and suggesting that the mutations may have had a deleterious 
effect on GM-CSF folding or secretion. 

Binding of mutants in the first helix of hGM-CSF to the 
low- (a) and high- (a/3) affinity GM-CSF receptors. A 
number of the mutants within the first helix of GM-CSF 
were tested for their ability to recognize the high-affinity 
hGM-CSF receptor on human neutrophils. Mutants with a 
significant reduction in biologic activity also showed a sig- 
nificantly reduced ability to compete for the binding of 125 I- 
rhGM-CSF (Fig 3). Those residues where mutation leads to 
the most significant reduction in ability to compete for recep- 
tor binding were the surface residue Glu 21 (Fig 3 A) and the 
buried residue He 19 (Fig 3B). Representative mutants were 
selected for more thorough analysis of their ability to com- 
pete for the binding of l25 I-rhGM-CSF to neutrophils (a + 
^-receptor chains) or A9/C7 CHO cells (a-receptor chain 
only). From competition curves (shown in Fig 4) for some 
mutants, we determined the K<, (dissociation constant) of 
hGM-CSF mutants binding to both high- (a + ^-chains) and 
low- (a-chain) affinity hGM-CSF receptors (Table 1). The 
mutants at positions 17, 23, 24, 27, and 28 bound with essen- 
tially wild-type affinity to the high-affinity GM-CSF recep- 
tor. These results showed that mutations affecting lie 19 and 
Glu 21 showed the greatest increases in Kd of binding to high- 
affinity (a + j3) GM-CSF receptors on human neutrophils, 
corresponding to their decreased biologic activity. In con- 
trast, mutations affecting He 19 showed an increased K<j (four- 
fold) for low-affinity (a only) GM-CSF receptors on A9/C7 
CHO cells, whereas mutations of Glu 21 showed near wild- 
type binding on A9/C7 cells (Table 1). The effect of He 19 
substitutions on both a- and a + £-chain binding and the 



buried nature of this residue suggest that this is a structural 
residue. Analysis of the change in K<, from a only to a + 
P (AIQ), confirms the selective interaction of Glu 21 with the 
GM-CSF-receptor 0-chain (Table 1). 

Mutagenesis of charged residues in the fourth helix of 
hGM-CSF. Previous experiments have indicated a role for 
the fourth helix of GM-CSF in bioactivity I6 ^ U1 and identifi- 
cation of a critical charged residue on the surface of the first 
helix suggested that the charged residues on the surface of 
the fourth helix of hGM-CSF may also play a role in hGM- 
CSF function. Single amino acid substitutions that either 
removed or reversed the charge of the residue present in 
wild-type hGM-CSF were generated. Mutants were assayed 



Table 1. Bin 


ding Affinities of hGM-CSF First Helix Mutants 


Tested on Cells Express! 


ng the a- or a + 0-Chalns 






of the GM-* 


CSF Receptor 








a Only Kt 




Analogue 


tpmol/U 


(pmol/L) 




Wild-type 


58 


3,700 


64 


N 17 E 


30 


ND 




1 19 G 


102 


15,700 


150 


E 21 R 


5,000 


7.200 


1.4 


R23D 


70 


5,000 


71 


R24D 


41 


5,100 


124 


N 27 D 


21 


ND 




L28D 


39 


NO 





The K* values were calculated from a titration curve using increas- 
ing concentrations of hGM-CSF analogues to compete for the binding 
of 12B l-rh GM-CSF by using the EBDA/Ligand M kinetics program and 
represent averaged values from multiple experiments. Each concen- 
tration of competitor was tested in duplicate using 200 pmol/L ,29 l- 
rhGM-CSF mixed with 5 x 10 8 neutrophils (a + 0) and 500 pmol/L 
129 l-rhGM-CSF mixed with 6 x 10 s A9/C7 CHO cells (a only). 

Abbreviation: ND, not done. 

* AKd/ change in K a from or-chain only to a + 0. 
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for bioactivity, and the fold decrease in activity (in parenthe^ 
ses) for each mutant was D112R (14), E108R (3), K107D 
(1.3), E104A (1.1), and K111D (0.9) (see Fig 5). These 
results indicated that residue 108 and particularly 112 are 
functionally important. 

The most interesting mutant, D1 12R was then affinity- 
purified and tested for its ability to bind the high- and low- 
affinity hGM-CSF receptors. Competition-binding studies on 
the tiigh-affihity receptors of human neutrophils (Fig 4A), 
indicated a Ka of 106 pmol/L for DI12R compared with 11 
pmol/L for wild-type hGM-CSF* a difference that parallels 
the reduction in biologic activity. Cdmpetitton-biriding stud- 
ies on the cloned lowraffinity hGM-CSF receptor of A9/C7 
GHG cells indicated a of 3.7 nmol/L for wild-type hGM- 
CSF (Fig 4B and Table 1). However, D112R was unable to 
compete for ,25 I-rhGM-CSF binding to A9/C7 CHO cells 
even when used at a concentration 30-fold in excess of the 
concentration of wild-type GM-CSF required to achieve 50% 
competition (Fig 4B). The impaired ability of the Asp 112 
substitution mutant to bind the low-affinity (a only) hGM- 
CSF receptor is in marked contrast to Glu 21 substitutions 
(Fig 4) and suggests that Asp 112 may interact with the GM- 
CSF-receptor a-chain. 

DISCUSSION 

There is now considerable evidence to indicate that the 
amino terminus of GM-CSF is involved in receptor binding 
and biologic activity. 16 " 22 Furthermore it has been shown 
that residue Glu 21 is involved in mediating the high^affinity 
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Table 2. Amino Acid Homology In the Fourth Helix of GM-CSF 
From Different Species 
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Fig 5. Relative biologic activity of substitution mutants at charged 
surface residues within the fourth helix of hGM-CSF is shown. Bioae- 
tivity was determined as described for Fig 1. GM-CSF mutants are 
described in one letter code, listing the wild-type residue, number, 
and substitution. 
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Human*' 
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Canine 39 
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s 
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Bovine 3 * 
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Ovine* 7 
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D 


F 


I 


F 


I 


Murine 33 


100-113 


Y 


A 


D 


F 


I D S 


L K 


T 


F 


I 


T 


D 



The amino acid sequences of the predicted fourth helices are 
aligned for GM-CSF from six species. All sequences are aligned to 
the known limits of the GM-CSF fourth helix determined by x-ray 
crystallography.* 0 Boxed residues are conserved across GM-CSF from 
all six species. 

• Conserved, charged residues. 



binding and biologic activity of hGM-CSF. 23 The results 
presented in this report (Fig .1) establish that of the residues 
on the surface of the first helix of hGM-CSF, .residue 21 is 
the most important* if not the only, residue interacting with 
the GM-CSf receptor. So far, this finding seems to be unique 
to GM-CSF. Human growth hormone contains residues in 
its first helix that interact with either of the two growth 
hormone^binding proteins, 15 and similarly, human EU3 eon- 
tains residues in the first predicted helix that mediate binding 
to the receptor a-chain or /7-chain. 39 

Previous studies have also implicated other regions of 
GM-CSF in function and receptor binding; Mapping the 
binding epitopes of certain neutralizing MoAbs indicates that 
residues within the carboxy-terminus (hGM-CSF, 1 10-127) 
are involved in GM-CSF-receptor binding, 18,19 and; mutar 
genesis experiments also emphasized the importance of this 
region. 20,21 Data presented in this paper indicate that at least 
two residues in the car^xy-terminus, Giu 1 ^ and Asp 112 , are 
involved in hGM-CSF function arid that Asp m is important 



for both low- and high-affiniry-receptor binding. The obser- 
vation that charge reversal at residue 1 12 reduces low-affin- 
ity binding (Fig 4) functionally distinguishes this region of 
GM-CSF from that containing residue 21 and sugg^ts that 
residue 112 may be involved in the interaction of GM-CSF 
with the a-chain of its receptor. 

It was interesting to note that four of the five charged 
residues on the surface of the fourth helix show a hi^h degree 
of conservation among the known GM-CSF species (Table 
2), with the only exception being murine GM-CSF where 
the first and fourth charged residues are not conserved. Our 
data suggest that the fourth conserved acidic residue in hGM- 
CSF (Asp ,,z ) may play a role in receptor recognition. This 
difference between human and murine GM-CSF may be 
partially responsible for the lack of cross-reactivity observed 
between the two species of GM-CSF, although the cross- 
reactivity of bovine GM-CSF in both human and murine: 
bone marrow proliferation assays 36 clearly indicates that 
other residues also play a significant role in determining 
species specificity. 21 

The carboxy-termini of 1L-3 40 and IL-5 41 have also been 
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Fig 6. Two views of the pro- { 
posed receptor binding sites of 
human GM-CSF are shown. By 
..anaMywiththohu^ngr^l 
hormone:bind!ng protein inter- 
artibn, f ace Ms the primary;*©- f 
ceptor-binding site (<r-ehain), 
whereas face II is the secondary 
receptor-binding site (0-chain). 
v Residues of the proposed recep- - 

tor-binding^m|^^co)ored ac- 
; ; : .; cording to the properties of the - ; : 
. j side chains. Negatively charged 
(0 and E). red; positively charged 
{K and R), blue; polar IS, T, N, | 
and O), magenta; noopotar (G, A, 
P, C, V, I, L, and Ml cyan; and 
aromatics (H, F, Y, and W), green. 
Remaining residues are coionwl^ 
white. The images of hGM-CSF V 
from residues 6 to 123 inclusive 
| were generated using Insight It 
* software {B.osym Technolo- 
gies). 



implicated in receptor binding, and an analogue of hIL-3 
carrying two carboxy-terminal substitutions has been de- 
scribed that displays a 15-fold enhanced binding to the a- 
chain of the IL-3 receptor. 42 Despite the functional similarity 




surface of the fourth helices 4 ' 
interacting with cytokine-specific receptor cv-chains. 

A critical assumption in the interpretation of the effects 
of amino acid substitutions is that the observed differences 
in biologic activity and receptor binding are caused directly 
by differences in hgand: receptor contacts and not by confor- 
V; ;^mational changes in the ligand. The observation thatUow- 
, : ^sdffinity bining; is preserved at wild-type levels in residue 
21 mutants that have significantly impaired high-affinity 
binding and biologic activity suggests that mutations at this 
position do not alter the overall tertiary structure of hGM- 
CSF. Indirect evidence that the mutations have not affected 
• &the gross tertiary stmcture of :hGM-CSFpomes from t\yo 
observations. The first is that western blot analysis of GM- 
CSF analogues from the first helix (data not shown) showed 
no sign of hyperglycosylation that has previously been asso# 
dated with mutations affecting GM-CSF folding. 44,45 The 
second, is that the polyclonal rabbit anti-GM-CSF serum 
used for RIA quantitation of the hGM-CSF mutants de- 
scribed in this report is conformation-sensitive and unable 
to recognize unfolded hGM-CSF. \ 
V ' The data presented here, together with a structural compar- 
ison of hGM-CSF and growth hormone, 43 identify two poten- . 
tial receptpr-binding sites oh hGM-CSF analogous to the 
face I/face II sites of growth hormone. Face i of hGM-CSF 
is proposed to interact with the receptor a-chain and face II 



with the mceptor ^-chain (Fig 6). In the predicted face I, 
Asp 112 and to a lesser degree G\u m may form part of -the < 
binding site for the receptor a-chain ■ Our results show that 
only one residue, Glu 2 ', on the surface of the first helix of 
hGM-CSF and lying in the predicted face II receptor-binding 
site is directly implicated in the /?-chain interaction. Residues 
in other helices may also be involved, and inspection of the 
position of Glu 21 in the crystal structure of hGM-CSF (Fig , 
6) suggests that residues on the surface of the third helix 
also lying in the predicted: face II receptpr-binding site might 
provide contacts between GM-CSF and: the ^chain The ' 
mapping of neutralizing MoAb-binding epitopes 1719 and 
studies of human-mouse GM-CSF chimeras 20 - 21 has impli- 
cated the region of the third helix of GM-CSF in receptor- 
binding interactions: 1 ; ; .V J /, '»<^ : , i i^ijl^'^l'^ 
The results presented in this report support a model where 
face I of GM-CSF and specifically residue 112 interact with 
the; GM-CSF^receptor ;a-chain: Qn 'face ^II, : ^idue|21; of 
the first helix interacts with the GM-CSF-receptor /?-chain. 
The functional and Binding results shown here provide a 
structural basis for understanding ligand:receptor interac- 
tions and receptor signalling. 
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Mouse granulocyte-macrophage colony-stimulating 
factor (mGM-CSF) proteins with substitutions at resi- 
dues in the first a-helix were examined for biological 
activity and receptor binding properties. Substitution 
at the buried residue His 10 affected both bioactivity and 
receptor binding. Of the four surface-exposed positions 
examined (Arg 11 , Lys 14 , Lys 20 , and Glu 21 ) only substitu- 
tions at Glu 21 impaired bioactivity. Proteins with charge 
reversal substitutions at this position were partial ago- 
nists and weak antagonists of native mGM-CSF action. 
All substitutions at Glu 21 abrogated high affinity bind- 
ing. Lys 14 and Lys 20 substitution proteins showed vari- 
ous receptor binding defects. Qualitative and quantita- 
tive measurement of these binding defects identified 
Lys 14 as a residue that interacts specifically with the 0 
subunit of the mGM-CSF receptor, whereas Lys 20 ap- 
peared to exist at the GM-R o-subunit/GM-R 0-subunit 
interface as substitutions at this position produce both 
high and low affinity binding losses. These determina- 
tions permitted the design of a more potent mGM-CSF 
antagonist. 



Granulocyte-macrophage colony-stimulating factor (GM- 
CSF) 1 is a pleiotropic cytokine made by various cell types, such 
as T cells and monocytes, and is likely to play an important role 
in the regulation of hemeatopoiesis (1, 2). GM-CSF interacts 
with specific high affinity cell surface receptors (GM-Rcr0, K d ~ 
5 x 10"* 11 M) that are complexes containing at least two sub- 
units, both of which are members of the cytokine receptor 
superfamily (3). The receptor a chain (GM-Ra) binds GM-CSF 
specifically with low affinity (K d ~ 3 x 10' 9 m), whereas the 
receptor 0 chain (GM-R/3), common to the receptors for GM- 
CSF, IL-3, and IL-5, does not bind this protein detectably by 
itself, but confers high affinity binding when co-expressed with 
GM-Ra (4-6). Formation of this complex with GM-CSF is 
required for receptor activation and cellular signaling (7). 

Structurally, GM-CSF has been characterized as a four anti- 
parallel a-helical bundle protein (8). This topological fold is 
shared by many of the known cytokine structures, including 
interleukins-2 (9), -4 (10), and -5 (11), macrophage colony- 
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stimulating factor (12), and growth hormone (13). 

Molecular genetic studies and studies with neutralizing anti- 
GM-CSF antibodies have identified regions and residues in 
both mouse and human GM-CSF that interact with specific 
subunits of GM-Raj3 (14-21). These studies suggest the func- 
tional importance of the first and fourth helix of GM-CSF; in 
particular, the N-terminal helix of mGM-CSF interacts directly 
with mGM-Rj3 in the context of mGM-Ra0 to form the high 
affinity ligand-receptor complex (15). Alanine scanning mu- 
tagenesis of this region identified Glu 21 as essential for this 
interaction in both mouse and human GM-CSF (16-18). Al- 
though substitution of Glu 21 with alanine in mGM-CSF results 
in a loss of high affinity binding, biological activity remains 
essentially intact. The biological activity of hGM-CSF Glu 21 
substitution proteins is reduced, and a basic side chain at this 
position causes the most severe defect (18). 

In this report we examine further the biological and receptor 
binding properties of mGM-CSF mutant proteins with substi- 
tutions at residues in the first helix of mGM-CSF. We show 
that all Glu 21 substitution proteins display only low affinity 
binding, but that the biological activity depends on the nature 
of the substituted side chain. Substitutions at several other 
examined residues lead to a loss in either high or low affinity 
binding. We also show that this knowledge can be used to 
design mGM-CSF derivatives with antagonistic properties. 

MATERIALS AND METHODS 

Bacterial Host Strains, Cell Lines, and Vectors — The Escherichia coli 
K12 strains XL-1 (Stratagene) and JM101 (22) were used as host 
strains for the propagation and maintenance of plasmid and M13 DNA. 
Strain CJ236 (23) was used to prepare uracil-DNA for use in site- 
directed mutagenesis procedures. M13mpl9 containing the ompA 
leader sequence and the entire mGM-CSF gene was used as the tem- 
plate for site-directed mutagenesis (24). Strain AB1899 (25) was used as 
the host for expression of mutant GM-CSF proteins. The plasmid pl- 
NIIIompA2 (26) was used as the expression vector for mutant GM-CSF 
proteins. The use of this secretory E. coli system to express biologically 
active, mature GM-CSF has been described elsewhere (27). A mouse 
GM-CSF-dependent myeloid leukemia cell line, NFS60, was main- 
tained in RPMI 1640 medium supplemented with 5% (v/v) fetal bovine 
serum and 50 /am 2-mercaptoethanol in the presence of mGM-CSF (1 
ng/ml) (Schering-Plough). 

Construction of mGM-Ra Expression Plasmid and Transfection to 
Mouse L-ceUs— The mouse GM-Ra clone 71 cDNA (6) (kindly provided 
by L. Park, Immunex) was inserted downstream of the SRa promoter in 
the expression vector pMEl8-Neo, a neomycin-resistant derivative of 
the vector pCEV4 (28) (kindly provided by A Miyajima, DNAX). Mouse 
L-cells washed with 20 mM HEPES-buffered saline (pH 7.1) were re- 
suspended at 10 7 cells/ml, and 50 u% of linearized plasmid DNA was 
added to 0.8 ml of cell suspension in a 0.4-cm electroporation cuvette 
(Bio-Rad). Electroporation was performed using a Gene Pulser (Bio- 
Rad) at 960 microfarads and 400 V. Transfectants were selected with 
G418 (1.5 mg/ml) (Schering-Plough) and cells expressing mGM-Ra were 
confirmed by their ability to bind 125 I-mGM-CSF. 

Mutagenesis, Recombinant DNA and Sequencing Protocols — Site- 
directed mutagenesis was performed using the method described by 
Kunkel et al. (23). Oligonucleotides, 21 nucleotides in length, corre- 
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° Mutant proteins are identified by their native single-letter amino acid code, residue number, and amino acid substitution. 
6 The concentration of each protein that gave 50% maximal response was determined using the Softmax program (Molecular Devices) from the 
data presented in Fig 1, panel 2A. 

c High and low refer to the high affinity and low affinity equilibrium binding constants calculated using the Ligand program (33) from the data 
presented in Fig. 1, panel 2B. 

d The percentage coefficient of variations is the standard error given by the Ligand program (33) for the K d value presented. 

• F and p values determined by the Ligand program (33) indicate that substitutions at Lys 14 can result in either one or two binding site model. 
r Number of NFS60 proliferation assays performed. 

* Percent activities of the mutant proteins relative to the EC 60 of wild-type mGM-CSF. 
h Number of NFS60 competition binding assays performed. 

1 Percent high and low affinity binding relative to values determined for wild-type mGM-CSF. 

J Not determined. Error messages from the Ligand program (33) indicated that the two-site model was unacceptable for the data. 



sponding to mGM-CSF sequences incorporating the desired amino acid 
substitution were used as primers in the mutagenesis reactions. Indi- 
vidual clones were sequenced using the method and modifications de- 
scribed in the Sequenase (United States Biochemical Corp., Cleveland, 
OH) protocol (29). M13 (replicative form) DNA containing confirmed 
mutations was digested with Xbal and BamHl and subcloned into 
pINIIIompA2. 

Preparation and Quantitation of Protein Samples — Expression and 
quantitation of mutant proteins has been described previously (24). 
Briefly, mutant proteins were expressed in E. coli AB 1899 and periplas- 
mic extracts were generated by osmotic shock. The concentration of 
mutant protein in the periplasmic extracts was determined by quanti- 
tative immunoblot analysis. Extracts were titrated along with a stand- 
ard curve of purified E. coli derived recombinant GM-CSF. Either 
hybridoma mg 1.8.2 (30) or 22E9 (31) were used as primary antibody, 
and the secondary antibody was 126 I-labeled sheep anti-rat IgG (Amer- 
sham Corp.). The amount of immunoreactive protein was quantified by 
integrating the area X density from an exposed screen using a Phos- 
phorlmager (Molecular Dynamics). The error in the calculated concen- 
trations of GM-CSF mutant proteins by this method did not exceed 
2-fold based on repetitive analysis of individual samples. 

Biological Assays for GM-CSF Activity— Protein extracts were as- 
sayed for their ability to stimulate the proliferation of the mouse GM- 
CSF- dependent cell line NFS60. Samples were titrated in quadrupli- 
cate using serial 3-fbld dilutions. The 3-[4,5-dimethylthiazol-2-yl}-2,5- 
diphenyltetrazolium bromide (MTT) (Sigma) assay (32) was used to 
measure the extent of proliferation, and the absorbance value difference 
of 570- 650 nm was measured with a V max kinetic microplate reader 
(Molecular Devices). The concentration of each mutant and wild-type 
mGM-CSF protein that gave 50% maximal response was determined 
using the Softmax program (Molecular Devices). The correlation coef- 
ficient of the 4-parameter curve fit to the measured values exceeded 
0.990 for all curves presented. Protein extracts were assayed for their 
ability to antagonize the GM-CSF proliferative response of NFS60 cells. 
Samples were titrated in quadruplicate using serial 3-fold dilutions in 
the presence of 3.5 x 10" 12 m mGM-CSF using the MTT assay format. 

Competitive Receptor Binding Assays of Mutant GM-CSF Proteins— 
Mouse GM-CSF was labeled with 125 I using the Bolton and Hunter 
reagent (Amersham; specific activity -400 mCi/mmol) to a specific 
activity of -20-40 jtCi/ug as described previously (16). Competition 
binding assays were performed as follows: NFS60 cells maintained in 
media containing mGM-CSF were harvested, washed, and incubated 
with 1 ml of ice-cold 10 qim NaP0 4 , 150 mM NaCl (pH 3.0) for 2 min then 



diluted to 50 ml with 10 mM NaP0 4 , 150 mM NaCl (pH 7.0). Following 
centrifugation the cells were resuspended in 1 X Hanks' balanced salts 
solution (Life Technologies, Inc.) containing 0.1% bovine serum albu- 
min, 0.02% NaN 3 , and 10 mM HEPES (pH 7.5) (HBAH buffer). 2.5 x 10 6 
cells in 200 jd of HBAH buffer were incubated with decreasing concen- 
trations of unlabeled competitor in the presence of 3.0 x 10" 11 m 
126 I-mGM-CSF at 4 °C with continuous agitation for 4 h. Samples were 
titered in triplicate using serial 3-fold dilutions. Nonspecific binding 
was determined from the data collected for the competition of unlabeled 
wild-type mGM-CSF. Cell-bound radioactivity was separated from free 
ligand by centrifugation at 4 °C (2 min, 12,000 X g) through dioc- 
tylphthalate/dibutylphthalate (2:3). Bound and total radioactivity was 
measured with a Cobra 5010 y-counter (Packard). Low affinity receptor 
competition binding assays were performed in a similar manner except 
7.5 x 10 5 mouse L-cells expressing mGM-Ra were incubated with 
unlabeled competitors in the presence of 2.0 x 10~ 9 m 125 I-mGM-CSF 
for 2 h. The equilibrium binding data were analyzed using the Ligand 
program (33). Curve fitting for both one- and two-site models were 
performed on each sample. Curves were either fit using a fixed high and 
low affinity equilibrium binding constants (Kdhish* 5.0 X 10~ 11 M, K^^; 
3.0 X 10" 9 M) or by fitting the control wild-type mGM-CSF and the 
mutant protein competition curve simultaneously. Binding curves are 
presented as the concentration of competitor versus the specific counts/ 
minute bound as a percentage of total bound. Analysis of the binding 
data for Lys 14 substitutions exposed a limitation of the Ligand software. 
Substitutions for Lys 14 showed a range of defects in high affinity bind- 
ing. For substitutions resulting in small changes a two site model with 
reliable high and low affinity K d values was statistically significant. For 
substitutions with reduced high affinity binding approaching that of the 
low affinity, the Ligand program was unable to discriminate a two-site 
model. This is reflected in the unreliable binding constants with small 
F and large p (>0.05) values as well as high affinity K d values with 
values higher than would be expected from examination of the binding 
curves (Table I). We presume that this is the result of combining both 
high and low affinity values into a single binding constant. Only by 
measuring the affinity of Lys 14 substitution proteins for the low affinity 
receptor alone (mGM-Ra) were we able to asign binding defects of Lys 14 
mutant proteins to the mGM-R0 (Table IV). 

Mouse GM-CSF Molecular Modeling— The coordinates for hGM-CSF 
were kindly provided by Dr. A Karplus (Cornell University, Ithaca, 
NY). The mouse GM-CSF Ca backbone conformation was modeled 
using SegMod (34) followed by refinement of side chain conformations 
using the program CARA (35) within the LOOK suite of programs 
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(Molecular Applications Group, Palo Alto, CA). The structure was dis- 
played using Insight II software (Biosym Technologies, San Diego, CA). 

RESULTS 

Biological Response of mGM-CSF Mutant Proteins — A panel 
of amino acid substitutions was generated for selected residues 
in the first a-helix of mGM-CSF. Based on previous studies (16) 
the following residues were targeted: Arg u (RID, Lys 14 (K14), 
His 16 (H15), Lys 20 (K20). and Glu 21 (E21). Position Glu 17 , al- 
though surface exposed and located between Glu 14 and Glu 21 , 
was not included in this analysis, since all available evidence 
points to at best a minor involvement of this residue (15, 16). 
Mutant protein was produced in E. coli and quantitated as 
described previously (24). Biological activity was assessed by 
measuring the proliferative response of the mGM-CSF-depend- 
ent myeloid cell line NFS60. Of the four surface-exposed resi- 
dues (Arg u , Lys 14 , Lys 20 , and Glu 21 ), only substitution of Glu 21 
significantly altered the biological activity of mGM-CSF (Fig. 1, 
panel 5A, Table III). Charge reversal substitutions at this 
position (E21R and E21K) reduced the biological activity to 
<1% and reduced the magnitude of the plateau. Several other 
Glu 21 substitution proteins (Ala, Gly, Ser, and Leu) had lower 
biological activity (10-30%), although the magnitude of the 
response was not affected. All other substitutions at these four 
positions had only a marginal effect on the biological activity 
(>30%) with the exception of proline substitutions of Lys 20 and 
Glu 21 . The introduction of proline residues at these positions in 
the first a-helix reduced the activity of the resulting proteins to 
less than 1% (Fig. 1, panels 4A and 5A, Tables II and III). The 
magnitude of the plateau for E21P but not K20P was reduced. 
Proline substitutions of Arg 11 and Lys 14 , located just outside 
and just within the first a-helix, respectively, did not signifi- 
cantly alter the biological activity (Fig. 1, panels 1A and 2A, 
Table I). 

Based on homology to hGM-CSF, His 15 of mGM-CSF appears 
to occupy a buried position in the first a-helix. This buried 
position is less tolerant to substitution than the surface ex- 
posed residues (with the exception of Glu 21 ). Substitution at 
His 16 with charged or polar residues resulted in a reduced 
biological activity, whereas hydrophobic or aromatic substitu- 
tions are well tolerated (Fig. 1, panel 3A). All His 16 mutants 
reached full plateau. 

Competitive Receptor Binding of mGM-CSF Mutant Pro- 
teins — The effects of amino acid substitution on the ability of 
mGM-CSF to bind to the high affinity mGM-CSF receptor 
(mGM-Ra/3) on NFS60 cells was measured using conditions 
designed to detect both high and low affinity binding (see 
"Materials and Methods"). Some proteins had no loss in high 
affinity binding, and such mutant proteins were not investi- 
gated further. Some proteins had decreased high affinity bind- 
ing, and the mutant protein was then tested for its ability to 
bind to the low affinity mGM-CSF receptor (mGM-Ra) on sta- 
bly transfected L-cells (see "Materials and Methods"). This step 
was necessary so that the observed reduction in affinity could 
be assigned to either a loss of binding to the mGM-R/3 compo- 
nent in the mGM-Ra£ complex, to a loss of binding to the 
mGM-Ra component, or to a loss of binding to both. 

For most substitution mutants at Arg 11 , Lys 14 , His 15 , and 
Lys 20 , a two-site fit of the high affinity receptor binding data 
was statistically significant (data shown for Lys 14 and Lys 20 ; 
Tables I and II). Substitution at Arg 11 with either a negatively 
charged (RUE) or positively charged (R11K) residue, neutral 
(RUG), hydrophobic (R11L), or aromatic (R11W) residue had 
no effect on either high or low affinity binding constants (data 
not shown). This residue was not studied further. 

Mutant proteins with charged and polar substitutions at 
position His 15 showed a reduced ability to compete for I25 I- 



mGM-CSF (Fig. 1, panel 3B\ in agreement with the observed 
loss in biological activity (Fig. 1, panel 3A). Since this is a 
buried position in the protein, losses in activity and binding are 
probably due to structural perturbations of the protein core. 
Proteins mutated at this position were also not studied further. 

Mutations at position Lys 14 did not alter noticeably the bio- 
logical activity of the resulting mutant protein. However, sig- 
nificant binding defects were observed (Fig. 1, panels 2A and 
2B, Table I). For some Lys 14 mutants, only one affinity site is 
detected (Glu, Gly, Ser, Val, Trp, and Tyr). For others, two sites 
were still detected but both were reduced in affinity {e.g. Phe 
and Gin). In general, reduction of the high affinity binding 
constant was less than 10-fold, while values for the low affinity 
K d showed wider variation with a concomitant increase in the 
%CV, indicating that the calculated value for the low affinity 
binding constant was less reliable under these conditions. Sev- 
eral Lys 14 mutants displaying a range of high affinity defects 
were selected and analyzed for their low affinity binding to 
mGM-Ra expressed alone on stably transfected L-cells (Fig. 
2A). Of the five mutant proteins tested, four had a low affinity 
K d similar to mGM-CSF (K d = 7.2 X 10 -9 m; Table IV). From 
this analysis we conclude that the reduction seen in the high 
affinity binding constant for Lys 14 substitution proteins results 
from losses in binding to the mGM-R/3 in the mGM-Ra/3 com- 
plex. Protein K14P is the exception. A proline substitution at 
this position affected the low as well as the high affinity bind- 
ing constant (Table I). 

Mutant proteins with Lys 20 substitutions also showed losses 
in both high and low affinity binding as measured on NSF60 
cells (Fig. 1, panel 4B y Fig. 2B, Tables II and IV). To distinguish 
between losses in binding to the mGM-R/3 and/or mGM-Ra, 
Lys 20 substitution proteins were analyzed on mGM-Ra-ex- 
pressing L-cells. Whereas most substitutions at Lys 20 did not 
affect the low affinity binding constant as measured on L-cells, 
small amino acid substitutions (Ala, Gly, and Ser) at this po- 
sition led to a 10-fold reduction in mGM-Ra binding (Fig. 2B, 
Table IV). The introduction of proline at this position pro- 
foundly disturbed the binding of the resulting protein to both 
high and low affinity receptor. 

In contrast to the other mutant proteins examined, all Glu 21 
substitution proteins competed 125 I-mGM-CSF for only a single 
class of binding sites on NSF60 cells (Fig. 1, panel 5B, Table 
III). The affinity of Glu 21 substitution proteins (K d « 1-4 X 
10" 9 m) for these sites suggested that binding is to mGM-Ra. 
Scatchard analysis of one of the Glu 21 substitution proteins, 
E21A, has shown that both affinity and number of binding sites 
were consistent with binding of this mutant protein to mGMRa 
only (16). Again, the exception was E21P. This protein had a 
low affinity binding constant that was at least three orders of 
magnitude higher than the other Glu 21 proteins (Fig. 5B, Table 
III), probably caused by severe structural changes (36). 

Design of mGM-CSF Antagonists — Mutant proteins E21R 
and E21K were unable to trigger a maximal biological re- 
sponse. Such partial agonists should be antagonists of mGM- 
CSF at concentrations equal to or greater than those at which 
they bind the receptor. E21K was a partial agonist with about 
40% residual activation on NFS60 cells (Fig. 3). At concentra- 
tions which elicited the partial agonist activity, E21K was an 
antagonist of mGM-CSF activity (Fig, 4). However, its efficacy 
was limited by its relatively high residual activation level. We 
reasoned that the residual ability of E21K to activate mGM- 
Ra/3 might result from contacts with mGM-Rj3 which were still 
intact in E21K. Identification of Lys 14 as a residue that exclu- 
sively interacts with mGM-R/3 suggested the possibility that a 
further reduction of the submaximal response of E21K could be 
achieved by combining mutations at these two positions. Fig. 3 
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Table II 

Characteristics ofLys 20 substitution proteins 



sample 






(%cvy f 


K c 




One site us. two 
site' 

r p 


rS 


% activity* 




% binding' 
High Low 




u 






hi 


















GMCSF 


2.3E-13 


3.8E-11 


10 


5.9E-08 


68 


22.1 


0 


2 


100 


9 


100 


100 


K20A 


3.4E-13 


4.6E-10 


11 


1.1E-07 


47 


36.5 


0 


2 


>30 


4 


—5-20 


—10-30 


K20E 


2.2E-13 


2.3E-10 


11 


3.1E-07 


131 


8.6 


0.01 


2 


>30 


3 


-5-20 


>30 


K20F 


2.6E-13 


1.3E-11 


19 


6.8E-08 


23 


123.1 


0 


2 


>30 


2 


>30 


>30 


K20G 


5.0E-13 


1.1E-09 


16 


1.2E-06 


376 


5 


0.45 


2 


>30 


3 




-5-20 


K20H 


3.2E-13 


1.9E-11 


7 


1.3E-08 


28 


102.3 


0 


2 


>30 


2 


>30 


>30 


K20L 


2.1E-13 


1.6E-11 


27 


2.2E-09 


63 


15.3 


0 


2 


>30 


2 


>30 


>30 


K20M 


2.1E-13 


2.2E-11 


23 


1.3E-08 


68 


16.7 


0 


2 


>30 


2 


>30 


>30 


K20P 


3.1E-11 


NLV 




9.3E-08 


25 






2 


-0.2-0.8 


3 




-5-20 


K20Q 


2.4E-13 


2.1E-10 


12 


2.5E-07 


76 


24 


0 


2 


>30 


3 


-5-20 


-5-20 


K20R 


3.9E-13 


1.7E-11 


18 


3.1E-09 


54 


24.4 


0 


2 


>30 


2 


>30 


>30 


K20S 


3.8E-13 


3.6E-10 


23 


2.2E-08 


59 


17.9 


0 


2 


>30 


2 


-5-20 


>30 


K20V 


1.7E-13 


3.3E-11 


14 


1.2E-08 


30 


71.9 


0 


2 


>30 


3 


-10-30 


>30 


K20W 


2.7E-13 


1.1E-11 


13 


5.4E-09 


25 


113.5 


0 


2 


>30 


3 


>30 


>30 


K20Y 


4.1E-13 


8.3E-11 


11 


1.1E-07 


31 


82.8 


0 


2 


>30 


3 


-10-30 


-5-20 



0 Mutant proteins are identified by their native single-letter amino acid code, residue number, and amino arid substitution. 

6 The concentration of each protein that gave 50% maximal response was determined using the Soft max program (Molecular Devices) from the 
data presented in Fig. 1, panel 4A. 

c High and low refer to the high affinity and low affinity equilibrium binding constants calculated using the Ligand program (33) from the data 
presented in Fig. 1, panel 4B. 

d The percentage coefficient of variations is the standard error given by the Ligand program (33) for the K d value presented. 

* F and p values determined by the Ligand program (33) indicate that the fit using a two binding site model was statistically significant except 
for K20G and K20P. 

f Number of NFS60 proliferation assays performed. 

* Percent activities of the mutant proteins relative to the EC S0 of wild-type mGM-CSF. 

* Number of NFS60 competition binding assays performed. 

1 Percent high and low affinity binding relative to values determined for wild-type mGM-CSF. 

J Not determined. Error messages from the Ligand program (33) indicated that the two-site model was unacceptable for the data. 



Table III 

Characteristics of Glu 2t substitution proteins 



Sample 0 


EC50* 




(%CVY i 






One site vs. 
two site' 




% activity* 




% binding 1 


F p 






High 


Low 






hi 




u 
















GMCSF 


1.2E-12 


5.90E-11 


14 


1.2E-09 


62 


21.5 0 


3 


100 


7 


100 


100 


E21A 


4.0E-12 


NLV 




3.5E-09 


20 




8 


-10-^30 


3 




>30 


E21F 


1.7E-12 


NLV 




4.8E-09 


11 




3 


>30 


2 




>30 


E21G 


3.2E-12 


NLV 




3.1E-09 


13 




3 


-10^30 


2 




>30 


E21H 


2.2E-12 


NLV 




3.6E-09 


10 




3 


>30 


2 




>30 


E21K 


8.0E-10 


NLV 




3.2E-09 


7 




3 


-0.1-0.5 


3 




>30 


E21L 


5.7E-12 


NLV 




3.2E-09 


13 




3 


-10-30 


2 




>30 


E21M 


2.6E-12 


NLV 




2.7E-09 


7 




3 


>30 


1 




>30 


E21P 


1.0E-06 


NLV 




<lE-06 


251 




3 


<.01 


1 




<0.1 


E21Q 


8.2E-13 


NLV 




1.4E-09 


17 




3 


>30 


2 




>30 


E21R 


1.8E-10 


NLV 




4.4E-09 


9 




3 


-o.a-1.0 


2 




>30 


E21S 


6.5E-12 


NLV 




4.4E-09 


4 




3 


-10-30 


1 




>30 


E21V 


3.0E-12 


NLV 




4.0E-O9 


21 




3 


>30 


1 




>30 


E21W 


4.8E-13 


NLV 




2.8E-09 


9 




3 


>30 


3 




>30 


E21Y 


1.2E-12 


NLV 




2.6E-09 


25 




3 


>30 


2 




>30 



° Mutant proteins are identified by their native single-letter amino acid code, residue number, and amino arid substitution. 
6 The concentration of each protein that gave 50% maximal response was determined using the Softmax program (Molecular Devices) from the 
data presented in Fig. 1, panel 5A. 

e High and low refer to the high affinity and low affinity equilibrium binding constants calculated using the Ligand program (33) from the data 
presented in Fig. 1, panel 5B. 

d The percentage coefficient of variations is the standard error given by the Ligand program (33) for the K d value presented. 

* F and p values could not be determined. The Ligand program (33) could only fit the data to a single, low affinity binding site. 
r Number of NFS60 proliferation assays performed. 

* Percent activities of the mutant proteins relative to the ECsq of wild-type mGM-CSF. 
h Number of NFS60 competition binding assays performed. 

\ Percent high and low affinity binding relative to values determined for wild-type mGM-CSF. 

J Not determined. Error messages from the Ligand program (33) indicated that the two-site model was unacceptable for the data. 



Fig. 1. Biological activity and competition binding of wild-type and mutant proteins. A, proliferation of NFS60 cells was measured as 
a function of protein concentration using the MTT assay (32). Assays were performed in quadruplicate with symbol error bars indicating standard 
deviation. Curves were generated using a 4-parameter logistical fit and all correlation coefficients exceeded 0.990. B, competition of 12G I -mGM-CSF 
on NFS60 cells were performed with a constant concentration of 3.0 X 10" 11 M l2a I-mGM-CSF in triplicate with symbol error bars indicating 
standard deviation. Under these conditions both high and low affinity sites were detected using the Ligand program (33). Each pair of A and B 
panels represents multiple amino arid substitutions for a specific residue as indicated Arg 11 U), Lys" (2), His 15 (3), Lys 20 (4); and Glu 21 (5). 
Substitutions are represented by each symbol as follows: •, wild-type; Gly; T, Met; ♦ Pro; O, Ala; □, Leu; O, Val; A, His; Q, Phe; V, Trp; <S* Tyr; 
A, Gin; V, Ser; Q Arg; 0, Glu; O, Lys. 
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A 




Concentration (M) 



Fig. 2. Competition binding of mutant and wild-type mGM- 
CSF proteins. A, competition of 12c I-mGM-CSF on L cells transfected 
with mGM-Ra by mGM-CSF; O, K14A; 0, K14E; A, K14G; K14P; 
and V, K14S. B, competition of ia6 I-mGM-CSF on L cells transfected 
with mGM-R-a by mGM-CSF; ▲, K20G; K20M; K20P; O, K20A; 
□, K20L; O, K20V; El K20F; A, K20H; V, K20W; K20Y; A, K20Q; V, 
K20S; ©, K20R; @, K20E. Assays were performed in triplicate using a 
constant concentration of 2.0 x 10~ 9 m l26 I-mGM-CSF with symbol 
error bars indicating standard deviation. 

shows that the K14E, E21K double mutant protein had, in fact, 
lost almost (>90%) all ability to activate mGM-Ra)3 on NFS60 
cells. As expected, this protein showed much improved efficacy 
when used on NSF60 cells to antagonize mGM-CSF (Fig. 4). 

DISCUSSION 

The involvement of the amino-terminal region of mGM-CSF 
in receptor binding and biological activity is well documented 
(16, 17). In particular, it is now clear that residues in the first 
o>helix of mGM-CSF directly contact the mGM-CSF receptors. 
The data presented here identify in detail the qualitative and 
quantitative contribution of several residues in this region to 
this interaction. This knowledge was essential to our designing 



Table IV 


oampie 


V b 






COL ki'nilino' 


GMCSF 


H 


3 




100 


K14A 


7 8E-09 


7 




92 


K14E 




7 


- 


98 


K14G 


e iv no 


12 


- 


140 


K14P 


9 OF -OA 


3 




36 


K14S 


U<i7u'V!/ 


7 




120 


K20A 




g 


- 


18 


K20E 




15 




180 


K20F 


q OE-00 


3 




270 


K20G 


O.UCrVO 


7 




23 


K20H 


6.4E-09 


8 


1 


130 


K20L 


4.2E-09 


6 




110 


K20M 


7.1E-09 


5 




67 


K20P 


<5E-06 


ND' 




<0.1 


K20Q 


1.9E-08 


6 




25 


K20R 


4.1E-09 


8 




110 


K20S 


4.7E-08 


6 




11 


K20V 


5.5E-09 


5 




91 


K20W 


4.6E-09 


6 




110 


K20Y 


1.4E-08 


5 




37 



° Mutant proteins are identified by their native single-letter amino 
acid code, residue number, and amino acid substitution. 

6 K d low refer to the low affinity equilibrium binding constants cal- 
culated using the Ligand program (33) from the data presented in Fig. 
2A and B. 



e The percentage coefficient of variations is the standard error given 
by the Ligand program (33) for the K d value presented. 

d Number of LC-mGMRa competition binding assays performed. 

• Percent low affinity binding relative to values determined for wild- 
type mGM-CSF. 

'Not determined. Error messages from the Ligand program (33) 
indicated that the error was very large for this data. 
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Concentration (M) 



Fig. 3. Biological activity of wild-type and mutant mGM-CSF 
proteins. Proliferation of NFS60 ceils in response to mGM-CSF (•), 
E21K (■), and K14E/E21K (♦) was measured as a function of protein 
concentration using the MTT assay (32). Assays were performed in 
quadruplicate with symbol error bars indicating standard deviation. 

a mGM-CSF receptor antagonist. 

We have previously shown that Glu 21 plays a pi vital role in 
binding to the mGM-R/3 in the high affinity complex. Substitu- 
tion of Glu 21 with Ala abrogates high affinity binding (16). The 
data presented here show that none of the 14 amino acid 
substitutions are tolerated at this position. Previous work con- 
cludes that Glu 21 can be replaced with Asp without serious 
consequences to bioactivity (36). Analysis of the equivalent 
Glu 21 position in hGM-CSF shows that Glu 21 can be replaced 
with an Asp without noticeable loss in either bioactivity or 
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binding (18). Taken together, these data show the absolute 
requirement of an acidic residue at this position. All other 
substitutions we tested resulted in a complete loss of high 
affinity binding, while low affinity binding remained unaf- 
fected. These data identify Glu 21 unequivocally as a residue 
that interacts with mGM-R0 only. Even though Glu 21 mediates 
high affinity binding, only charge reversal substitutions cause 
a noticeable loss in biological activity. Maintaining biological 
activity in the absence of high affinity binding seemingly con- 
tradicts the observation that signaling occurs through a com- 
plex of the mGM-Ra and mGM-R0 subunits in the presence of 
hgand. However, we have previously shown for one of the Glu 21 
substitution proteins, E21A, that this protein still can be cross- 
linked to the mGM-Ra/3 complex* even in the absence of any 
detectable high affinity binding (16). Taken together these data 
indicate that the interaction of Glu 21 with mGM-R3, although 
pivital for the measured high affinity binding of mGM-CSF to 
its receptor, is not necessary for receptor activation. The ab- 
sence of a Glu residue at position 21 apparently does not 
prevent mGM^RjS from participating in complex formation and 
signaling and suggests that other. mGM-CSF residues contact 
mGM-Rp. ' 

Studies on hGM-CSF and hIL-3, cytokines which share the p 
receptor, show similar results. Substitution of the homologous 




Concentration (M) 



FlG. 4. Antagonism of the mGM-CSF response by mutant 
mGM-CSF proteins. Proliferation of NFS60 cells in response to E21K 
(■) and K14E/E21K {♦) in the presence of 3;5 x 10~ 12 M mGM-CSF 
using the MTT assay (32). Assays were performed in quadriplicate with 
the symbol error bars indicating standard deviation. 



acidic residues in these two cytokines also leads to a loss of high 
affinity binding (18, 37). However, there is a closer correlation 
between loss of high affinity binding and loss of activity for both 
hGM-CSF and hIL-3. Taken together, these data suggest that 
Glu 21 in GM-CSP and the homologous acidic residue in IL-3 
and presumably also IL-5 are functionally identical; this resi- 
due determines high affinity binding. However, the extent to 
which its absence affects the biological activity varies and 
presumably depends on how many other residues contribute to 
the interaction with GM-Rj3. 

Our data, revealed that at least 2 other residues in the first 
a-helix of mGM-CSF interact with mGM-R£. Substitutions at 
Lys 14 and Lys 20 both disrupted high affinity binding as indi- 
cated by decreased high affinity K d values. Lys 14 substitutions 
exclusively reduced high affinity binding, whereas some Lys 20 
substitutions affected high affinity binding and others low af- 
finity binding. However, none of the substitutions at either 
position reduced the biological activity. The binding defects of 
Lys 20 mutant proteins are generally somewhat smaller than 
Lys 14 defects and fell into two categories, those that were 
caused by defects in bmding to mGM-R/3 and those caused by 
defects in binding to mGM-Ra. Substitutions that reduced the 
binding to mGM-Ra had small side chains (Ala, Ser, and Gly), 
suggesting that size plays a critical role at this position. Ho- 
mology modeling based on the high resolution crystal structure 
of hGM-CSF (8) indicates the most likely location of these 
residues on the a-helix 1 mGM-CSF backbone (Fig. 5). Both 
Lys 14 and Glu 21 are located on the exterior of a-helix 1 toward 
the groove formed by the a-helix 1 and a-helix 3 and well 
situated for possible direct interaction with mGM-R0. It has 
been suggested that the groove between the first and third 
helix provides most of the GM-R/3 contact (38, 39). Our data on 
Lys 14 and Glu 21 support this hypothesis. On the other hand, 
Lys 20 is at the interface of a-helix 1 and a-helix 4, which is the 
region thought to provide mGM-Ra specific contacts. Our data 
support a dual role for Lys 20 in binding mGM-Ra and mGM-R0. 
It is somewhat surprising that Glu 17 does not play a more 
important role in mGM-R0 binding considering its location 
between Lys 14 and Glu 21 (15-17). Recent mutagenesis of the 
hGM-CSF equivalent position, Asn X7 , has confirmed that this 
residue contributes little to binding and bioactivity (38). Fig. 5 
shows that the Glu 17 side chain is somewhat removed from the 
groove between helix 1 and helix 3 and apparently does not 
contribute to binding of GMrRj3. 

Based on functional and structural comparison of hGM-CSF 
and GH two potential receptor-binding sites on hGM-CSF have 
been suggested (39). Analogous to site I of GH (40), it was 
proposed that GM-CSF binds to its primary binding receptor, 
GM-Ra, through a-helix 4. The interaction of the first a-helix of 



FlG. 5. Two views of the mGM-CSF 
Ca backbone indicating important 
structural features and identifying 
specific amino acid side chains. Helix 
A (red) and helix D (blue) form an anti- 
parallel helix pair and comprise the re- 
ceptor binding site (38). Disulfide bonds 
are indicated in yellow. Amino acid resi- 
dues significant to this study are colored 
according to the properties of their side 
chains, negatively charged (E) t red; posi- 
tively charged (K and R), blue; and aro- 
matic (fi), green. 
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GM-CSF with the GM-R0 in the high affinity complex appears 
to be similar to the site II interactions of GH and GH-R. 
Receptor antagonists of GH were made by mutations of site II 
residues that prevent the second GH-R from participating in 
the formation of the GH-R dimer (41). We have extrapolated 
that finding to mGM-CSF and tested the partial agonist E21K 
as a receptor antagonist. E21K weakly antagonized mGM-CSF. 
By eliminating other mGM-R0-specific contact residues in 
mGM-CSF, we anticipated improved antagonistic mGM-CSF 
derivatives. The K14E, E21K double mutant was indeed a 
better antagonist than E21K. These experiments show that 
detailed studies which not only identify key residues involved 
in protein-protein interactions, but also characterize the na- 
ture of that interaction, make it possible to rationally design 
cytokine derivatives with altered properties. 

GM-CSF, IL-3, and IL-5 all bind specific Rots but share a 
common R/3. Identification of two R/3-specific contact residues 
in mGM-CSF led to derivatives with antagonistic properties. 
This finding may have direct implications for the design of IL-3 
and IL-5 antagonists. A strategy to find such molecules should 
focus on elimination of R0-specific contacts, in particular, the 
conserved acidic residue in the first a-helix of these cytokines 
and a second residue corresponding to mGM-CSF Lys 14 . 
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Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) is a member of the four-helix bundle family 
of cytokines/growth factors which exhibit several acti- 
vities. It is a hematopoietic growth factor, a cytokine 
involved in inflammatory and immune processes, an 
adjunct for cancer therapy, and an anti-tumor immuno- 
modulator. Studies of interactions between GM-CSF and 
its receptor and identification of small peptides present- 
ing binding capacity to the receptor are important goals 
for the development of GM-CSF analogs. Here we de- 
scribe the study of two cyclic peptides, 1785 and 1786, 
developed based on structural analysis of the GM-CSF 
region mimicked by anti-anti-GM-CSF recombinant an- 
tibody 23.2. These peptides were designed to structur- 
ally mimic the positions of specific residues on the B and 
C helices of human GM-CSF implicated in receptor bind- 
ing and bioactivity. Both 1785 and 1786 were specifically 
recognized by polyclonal anti-GM-CSF antibody (strong- 
er for 1786 than 1785). 1786 also competitively inhibited 
binding of GM-CSF to the GM-CSF receptor on HL-60 
cells and demonstrated antagonist bioactivity, as shown 
by its reversal of GM-CSF's ability to inhibit apoptosis of 
the GM-CSF-dependent cell line M07E. These studies 
support the role of residues on the GM-CSF B and C 
helices in receptor binding and bioactivity and suggest 
strategies for mimicking binding sites on four-helix 
bundle proteins with cyclic peptides. 



Granulocyte-macrophage colony-stimulating factor (GM- 
CSF) 1 is a hematopoietic growth factor and a cytokine involved 
in many inflammatory and immune processes. GM-CSF acti- 
vates antigen-presenting cells (monocytes, macrophages, and 
dendritic cells), increases major histocompatibility complex 
class II expression-enhancing antigen presentation, and in- 
creases macrophage anti-tumor activity (1). Recently it has 
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been used as an important adjunct in cancer therapy for bone 
marrow recovery following chemotherapy and transplantation 
(2). Moreover, GM-CSF induces protective immune responses 
against lymphoma cells if fused with a tumor-derived idiotype, 
eliciting tumor-specific immunity (3). GM-CSF also enhances 
the immunogenicity of tumor cells when expressed by them, 
resulting in induction of protective anti-tumor immunity, while 
other cytokines such as IL-2. IL-4, IL-5, IL-6, 7-interferon, or 
tumor necrosis factor-a are less effective (4). 

The crystal structure of human GM-CSF (5-8) reveals a 
four-helix bundle organization similar in some respects to that 
described for growth hormone (9), IL-2 (10), and IL-4 (11-14). 
The related cytokines macrophage colony stimulating factor 
(15) and IL-5 are organized as dimers of four-helix bundles (16). 
GM-CSF activity is mediated by binding to specific cellular 
receptors (GM-CSFR) which belong to a recently described 
supergene family (17-23). The high affinity GM-CSFR is com- 
prised of an a chain (GM-CSFRa) specific for GM-CSF (20), and 
a )3 chain (j3J, which can also associate with the IL-3 and IL-5 
receptor a chains (21). The GM-CSFRa imparts specificity to 
the interaction with GM-CSF, and when expressed without /3 C 
is able to bind GM-CSF, albeit with lower affinity than the 
heterodimeric receptor (24). The high affinity receptor (GM- 
CSFRa and /3J appears to be the signal-transducing unit (25, 
26), with a sequential binding of GM-CSF to GM-CSFRa fol- 
lowed by binding to /3 C postulated. 

GM-CSF and the related four-helix bundle cytokines are 
important targets for drug design and production of low molec- 
ular weight analogs which mimic the native Iigand. Studies of 
ligand-receptor intermolecular interactions which help delin- 
eate their active sites should allow the development of small 
molecules able to mimic the larger polypeptide ligands. Such 
small drugs, created based on analysis of the most important 
binding interactions, could circumvent problems of immunoge- 
nicity, antigenicity, rapid proteolysis by serum proteolytic en- 
zymes, short serum half-life, and low oral bioavailability, com- 
monly presented by large polypeptides. 

In prior studies, linear peptide analogs of GM-CSF were 
produced by dividing the human GM-CSF sequence into six 
peptides (27). This strategy led to the identification of two 
peptides with receptor binding and antagonist activity. One 
peptide corresponding to residues 17-31 (the A helix) inhibited 
high affinity receptor binding, while a second peptide corre- 
sponding to residues 54-78 (the B and C helices) inhibited low 
affinity receptor binding (27). This implicates these sites in 
intermolecular interactions with the GM-CSFR. We also have 
used a recombinant antibody (rAb) as a GM-CSF mimic (28). 
Molecular modeling of the rAb 23.2 allowed the identification of 
complementarity determining regions (CDRs) as sites of struc- 
tural mimicry of GM-CSF, focusing attention on the CDRI 
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region mimicking residues on the B and C helices of GM-CSF. 
After synthesis and characterization of CDRI, CDRII, and 
CDRII peptides, the CDRI peptide exhibited specific GM-CSF 
receptor binding and antagonist bioactivity (28). Thus, these 
studies suggest that residues on the B and C helices of GM-CSF 
mediate binding to the low affinity receptor (GM-CSFRa 
alone). 

Here we describe the development of two cyclic peptide GM- 
CSF mimics (1785 and 1786) obtained from structural analysis 
of the GM-CSF region mimicked by rAb 23.2 (28). Cysteines 
were introduced in the peptide structures at the amino and 
carboxyl termini to allow cyclization. The cyclized peptides 
were specifically bound by polyclonal anti-GM-CSF antibody 
(stronger for 1786 than for 1785). Moreover, 1786 competes 
with GM-CSF for binding to the GM-CSF receptor present on 
HL-60 cells and reverses GM-CSF s prevention of apoptosis of 
M07E cells. Thus, 1786 represents a structurally designed 
biological and receptor antagonist of GM-CSF. 

MATERIALS AND METHODS 

Design of Peptides 1785 and 1786— 1785 and 1786 were the result of 
the comparison of the GM-CSF mimic rAb 23.2 molecular models and 
its individual CDR sequences with the human GM-CSF structure (28). 
Despite the weak primary sequence similarity shown by 23.2 with 
GM-CSF, structural similarity was suggested centered on the B (resi- 
dues 54-61) and C (residues 77-83) helices of GM-CSF and the 23.2 
CDRI region (28). Important residues in the GM-CSF structure mim- 
icked by similar residues on 23.2 were postulated to be: Thr-57. Glu-60, 
Lys-63. Lys-74, Thr-78, Ser-82. and Lys-85. Based on the ability of a 
predicted reverse turn structure (the 23.2 CDRI) to functionally mimic 
this site on GM-CSF, two distinct reverse turns were designed using the 
Maclmdad program (Molecular Applications Group, Stanford, CA). Pep- 
tide 1786 was designed beginning at Thr-57 and proceeding up the 
exposed residues on the B helix (Glu-60 and Lys-63), then continuing in 
the reverse orientation on the C helix (Lys-74, Thr-78. Ser-82, and 
Lys-85). Glycine or alanine residues were introduced to orient the 
predicted contact residues on the same face of the reverse turn. Addi- 
tional Gly residues were added at the amino and carboxyl termini to 
appropriately position Cys residues for cyclization by disulfide bridge 
formation. The 1785 peptide was designed according to the same prin- 
ciples, but beginning with Lys-85 on the C helix and proceeding in the 
opposite orientation. The sequences of these peptides and their pre- 
dicted structures in comparison with the GM-CSF structure is shown in 
Fig. 1. 

Preparation of Cyclic Peptides— -The two peptides were synthesized 
by solid phase methods, deprotected. and released from the resin by 
anhydrous HF as described previously (29-32) by Macromolecular Re- 
sources at Colorado State University (C. Miles). Peptides (containing 
cysteine residues as terminal amino acids) were oxidized dissolving 
them at 0.5 mg/ml in 50 mM NH 4 HC0 3 , pH 8.0, and stirring them 
overnight exposed to the air at room temperature. The extent of oxida- 
tion was estimated by Ellman determination after this procedure. 

Determination of Free Sulfhydryls in Peptides (Ellman Determina- 
tion)— -20, 40, 80, and 160 pi of peptides at 0.5 mg/ml in 50 mM 
NH 4 HC0 3 . pH 8.0. were added to 10 mM Na 2 HP0 3 . pH 7.0, for a final 
volume of 1 ml. 6 pi of 4 mg/ml 5,5'-dithio-bis(2-nitrobenzoic acid) 
(Sigma) in 50 mM Na z HP0 3 , pH 7.0, were then added, and the reaction 
mixtures were kept at room temperature for 10 rnin. The percentage of 
sulfhydryls was determined from the absorbance at 420 nm, using the 
formula: (100 x A 420 X M r )/( 13600 x mg/ml). 

Peptide Characterization— The formation of peptide intrachain disul- 
fide bridge versus interchain bridges was estimated by mass spectrom- 
etry analysis performed at the Protein Chemistry Laboratory of the 
University of Pennsylvania School of Medicine (J. Lambris). This indi- 
cated >90% monomers of the oxidized peptides. 

Enzyme-linked Immunosorbent Assay (EL1SA)— ELISA was per- 
formed with polystyrene plates (Dynatech Laboratories Inc., Chantilly, 
VA). The peptides 1785, 1786, and a control peptide (Cys-Thr-Tyr-Arg- 
Tyr-Pro-Leu-Glu-Leu-Asp-Thr-Ala-Asn-Asn-Arg) were dissolved in 50 
mM NH 4 HC0 3 at 120, 90, 60, and 30 Mg/ml and 50 pi of each dilution 
were used to coat the wells in duplicate by evaporation overnight at 
37 °C. As positive controls wells were coated with 50 pi of 1 pg/ml 
GM-CSF in 0.1 M NaHC0 3 overnight at 4 *C. The wells were then 
washed with PBS, 0.05% Tween 20 (PBST). and blocked for 1 h at 37 °C 
with PBS. 0.05% Tween, 2% bovine serium albumin (PBSTB) . After 



washing with PBST, 50 pl/well of primary antibody (polyclonal anti- 
body against GM-CSF previously described (28, 33)) and preimmune 
serum (normal mouse serum) as a negative control were added at 
1:1,000, 1:10,000, 1:100,000, and 1:1,000,000 dilutions in PBSTB, and 
the plate was incubated for 1 h at 37 °C. The plate was washed, and 200 
p.1 of secondary antibody, goat anti-mouse conjugated to horseradish 
peroxidase (Sigma) diluted 1:3500 in PBSTB was added to the wells, 
and the plate was incubated for 1 h at 37 °C. After washing, the color 
reagent 3,3',5,5'-tetramethyl-benzidine dihydrochloride (Sigma) 0.1 
mg/ml was added at 100 pl/well and, after 10 min of incubation at 37 °C. 
the color reaction was stopped with 20 pl/well of 2 N H 2 S0 4 , and the 
absorbance at 450 nm was detected using the plate reader MR 5000 
(Dynatech Laboratories Inc., Chantilly, VA). Values were reported sub- 
tracting the absorbance measured for uncoated wells from the absorb- 
ance of peptide-coated wells (34). 

Radioreceptor Binding Assay— Binding of 1785 and 1786 to the GM- 
CSF receptor present on HL60 cells was analyzed by a competitive 
radioreceptor assay modified from previously reported protocols (20, 
35). Briefly, HL60 (from ATCC) were grown in RPMI 1640 with 10% 
fetal calf serum, L-glutamine, oxalate, pyruvate, insulin, essential 
amino acids, and nonessential amino acids. 10 u cells were washed twice 
in RPMI 1640, 10 mM Hepes, pH 7.4, 10% fetal calf serum (binding 
buffer), centrifuged, and incubated with different dilutions of peptides 
1785, 1786, and control peptide (for final concentrations of 500, 250, 
125, 62.5, and 31.25 ng/ml) for 1 h at room temperature. ,25 I-GM-CSF 
(1 18 pCi/pg. Dupont NEN) was then added to the reaction mixtures at 
a final concentration of 0.5 nM (for total GM-CSF bound) or a mixture of 
radioiodinated (0.5 nM), and cold GM-CSF (at the saturating concentra- 
tion of 50 nM) was added (for nonspecific binding) and incubated at room 
temperature for 1 h. The mixture was then layered over 500 pi of chilled 
fetal calf serum and centrifuged, and the counts/min bound determined 
in an LKB gamma counter. Specific binding was determined by sub- 
tracting the nonspecific counts/min bound from the total counts/min 
bound. Scatchard analysis revealed that, at this concentration, predom- 
inately low affinity sites (2.9 nM) were measured (27) (data not shown). 
Based on the EC 5o achieved by peptide, the K t was calculated by the 
method of Cheng and Prusoff (36). 

Inhibition of Apoptosis— The assay was performed in a 24-well pol- 
ystyrene plate (Corning, Costar Corp., Cambridge, MA), using M07E 
cells (from R. Zollner, Genetics Institute, Cambridge MA), grown in 
RPMI 1640, 10% fetal calf serum, L-glutamine, oxalate, pyruvate, insu- 
lin, nonessential amino acids, essential amino acids, penicillin/strepto- 
mycin, and 20% U87 supernatant (containing GM-CSF as a growth 
factor). The peptides were added at different dilutions to the wells (final 
concentrations of 160. 80. 40. and 0 p.g/ml). After sterilization of the 
plates under UV light for 40 min. fixed amounts of sterile GM-CSF (200 
pM), TPA (12-0-tetradecanoylphorbol-13-acetate (Sigma). 4 nM). and 
U87 supernatant (5%) were added separately to all the different con- 
centrations of peptide. 250 pi of cell suspension at 10 6 cells/ml, previ- 
ously washed with the medium without U87 supernatant and resus- 
pended in the same medium, were added to each well, reaching a final 
concentration 5 X 10 s cells/ml in a total volume of 500 pi. After 24 h of 
growth, cells were lysed and DNA degradation detected both by an 
agarose gel run and by the use of "Cell Death Detection ELISA" kit 
(Boehringer Mannheim). 

For the agarose evaluation, 350 pi of 5 x 10 s cells/ml were washed, 
added to 20 yA of lysis buffer (10 mM EDTA, 50 mM Tris HC1 pH 8.0, 
0.5% Af-lauroylsarcosine sodium salt (Sarkosyl), 0.5 mg/ml proteinase 
K) and incubated for 1 h at 50 °C. After addition of 10 pi of 0.45 mg/ml 
RNase and incubation at 50 °C for 1 h, the samples were mixed with 10 
pi of 10 mM EDTA, pH 8.0. 0.03% bromphenol blue, 1% Nue Sieve GTG 
agarose (FMC BioProducts. Rockland, ME), heated at 70 °C for 10 min, 
loaded into a 1 .2% agarose gel and run for 1 h at 100 V using TBE buffer 
(89 mM Tris base. 89 mM boric acid. 2 mM EDTA pH 8.0). The gel was 
stained with ethidium bromide (Sigma) and photographed under ultra- 
violet light. 

Mono- and oligonucleosome fragments present in the cytoplasmic 
fraction of cell lysates were detected following the protocol for "Cell 
Death Detection ELISA" kit. Briefly, the microtiter plate was coated 
with anti-histone solution and. after incubation with a 1:10 dilution of 
the lysate derived from 2.5 x 10 4 cells, DNA was detected by the 
anti-DNA-peroxidase system according to the kit instructions, with 
color development read at 405 nm. 

RESULTS 

Peptide Design— The two peptides were synthesized accord- 
ing to the sequences reported in Fig. 1 . The postulated contact 
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1786: CGTAEGKGGKGTASAKGGC 

Fig. 1. Development of 1785 and 1786 peptides. The structure of GM-CSF {left) was determined from coordinates derived from the crystal 
structure (J. M. LaLonde, K. Swaminathan and D. Voet. manuscript in preparation), displayed on the Maclmdad program (Molecular Applications 
Group, Palo Alto, CA) on a Macintosh Quadra 950 computer. The critical residues of 54-61 region of B helix and of 77-83 region on C helix are 
reported. These residues are introduced in 1785 {upper rights and 1786 {lower right) sequences together with glycines, alanines, and cysteines (for 
peptide cyclization). Peptide tridimensional structures are also reported. 



residues on the GM-CSF B and C helices (regions involved in 
the interaction with GM-CSFRa) were introduced into the pep- 
tides in two different orientations ("up" the B and "down" the C 
helices for 1786, with the opposite orientation for 1785). The 
design incorporated reverse turn structures together with ap- 
propriate spacer residues and cysteines at the amino and car- 
boxyl termini, which allowed the development of cyclic forms. 

Peptide Cyclization — The procedure followed for peptide cy- 
clization was oxidation of the terminal sulfhydryls with intra- 
chain disulfide bond formation. Ellman determination indi- 
cated that only 4.7 and 1.8% of free sulfhydryls were still 
present in the oxidized forms of 1785 and 1786, respectively, 
confirming near complete oxidation of the peptides. 

Mass spectrometry analysis was performed on the oxidized 
peptides to confirm that oxidation had resulted in intrachain 
disulfide bond formation, as opposed to formation of oligomers. 
The mass spectrometry study showed that >90% of the oxi- 
dized 1785 peptide was represented by a peak at molecular 
mass 1514, with the theoretical molecular mass for 1785 being 
151 1 daltons. Similarly, >90% of the 1786 peptide was seen as 
a peak at molecular mass 1637, the theoretical molecular mass 
being 1639. Thus, both of the oxidized peptides were >90% in 
the monomeric form, with only trace contamination by oli- 
gomers (dimers and trimers). 

Recognition of Peptides by Polyclonal Antibody against GM- 
CSF— The ability of these peptides to mimic GM-CSF was 
initially evaluated by its recognition by polyclonal antibody 
against GM-CSF in an ELISA (Fig. 2). Neither peptide showed 
any specific binding by the preimrnune serum (normal mouse 
serum), indicating lack of nonspecific binding. Both peptides 
1785 and 1786 were specifically bound by polyclonal antibody 
against GM-CSF, with the titer higher for 1786 than that for 
1785. The control peptide was not bound by the anti-GM-CSF, 
further supporting specific recognition of the peptide mimics. 
This supports structural mimicry of GM-CSF by the peptides 
1785 and 1786. 



Peptide Binding to the GM-CSF Receptor—The ability of the 
peptides to bind the GM-CSF receptor was evaluated by their 
ability to compete with GM-CSF for binding to the GM-CSF 
receptor present on HL-60 cells as evaluated by a radioreceptor 
assay. Peptides were preincubated with HL-60 cells prior to the 
addition of 125 I-GM-CSF, and specific binding was determined 
by carrying out identical reactions in the presence of excess of 
unlabeled GM-CSF. Fig. 3 reports the typical results obtained 
with 1786, 1785, and control peptides. While 1785 and control 
peptides failed to show any specific inhibitory activity, 1786 
inhibited GM-CSF binding to its receptor in a dose-dependent 
manner, with 50% inhibition achieved at —500 fxg/ml. 1786 
therefore antagonizes GM-CSF binding to its receptor, indicat- 
ing binding of this peptide to the GM-CSFR on HL-60 cells. 
Scatchard analysis of GM-CSF binding to HL-60 cells reveals 
high affinity (46 pM) and low affinity (2.9 nM) sites for GM-CSF 
binding (20, 35). Under the conditions of the assays here, pre- 
dominately low affinity sites were measured (27) (data not 
shown). Based on the low affinity calculation of the K t for 
peptide using the method of Cheng and Prusoff (36) gives a 
value of 270 /xM. 

Bioactivity of Peptides— GM-CSF bioactivity can be evalu- 
ated by its ability to inhibit spontaneous apoptosis of the GM- 
CSF-dependent cell line M07E (37, 38). This assay is of par- 
ticular utility as it can also be applied to stimuli which inhibit 
apoptosis independent of signaling through the GM-CSF recep- 
tor (37). To analyze the bioactivity shown by the 1786 and 1785 
peptides, their capacity to interfere with GM-CSF's ability to 
prevent apoptosis in M07E cells was assayed. Apoptosis was 
evaluated both by agarose gel electrophoresis of total cellular 
DNA and by a specific ELISA assay. In addition to GM-CSF, 
two other stimuli were evaluated: phorbol ester (TP A), which 
inhibits apoptosis in a receptor-independent fashion, and GM- 
CSF containing U87 cell supernatant. 

Both the agarose gel and the ELISA results (Fig. 4) indicated 
clear antagonist activity for the 1786 peptide, with reversal of 
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Peotide/Antisera 

— o— 1786/arrthGM-CSF — °— 1785/anti-GM-CSF — Control/antl-GM-CSF 

— • — 1786/NMS — ■— 1785/NMS — * — Control/NMS 




-0.2 J 



-Log 10 (Antisera Dilution) 

Fig. 2. Binding of polyclonal Ab against GM-CSF to 1786 and 1785 peptides. Binding was performed by ELISA assay as described under 
"Material and Methods." The graphs shown are referred to the case of peptides at 1.5 fig/well. Similar results were obtained with 3. 4.5, and 6 
jig/well. Binding of 1786, 1785, and control peptides both to anti-GM-CSF polyclonal antibody and to preimmunization serum (normal mouse 
serum, NMS) are reported. The values are obtained subtracting the of wells without peptides from the A AG0 of wells with peptides at different 
concentrations. The mean ± S.D. of duplicate wells is shown for decreasing amounts of polyclonal anti-GM-CSF antibody. 



50-1 



40" 



c 
■o 
c 

m 

"5 

c 
o 

I . 



30- 



10 




600 



0 100 200 300 400 500 
Concentration (jig/mL) 

Fig. 3. Inhibition of 125 I-GM-CSF binding to HL-60 cells by 
peptides. The radioreceptor assay was performed as reported under 
"Materials and Methods," using 10 G cells/test. The specific proportion of 
count/min bound was determined subtracting the proportion of counts/ 
min bound under identical conditions in the presence of saturating 
amounts of unlabeled GM-CSF (50 nM). The percent inhibition of bind- 
ing of 1786, 1785, and control peptide is reported versus increasing 
amounts of peptides together with the S.D. of duplicate tests. 

GM-CSFs prevention of apoptosis. Increasing the amount of 
1786 in presence of GM-CSF increased the amount of apoptosis 
seen (IC 50 of -85 /xm). When incubated with the cells in me- 
dium alone, the 1786 peptide did not prevent DNA degradation, 
excluding any agonist activity by the peptide. The same pep- 
tide, in the presence of U87 cell supernatant, presented the 
same type of dose-dependent behavior in increasing apoptosis 
as shown in presence of GM-CSF (IC 50 of ~65 u,m). The 1786 
effect was not seen in the presence of TPA which prevents 
apoptosis in a receptor independent fashion, indicating that the 



antagonist activity was GM-CSF receptor-dependent. In con- 
trast, the 1785 peptide did not demonstrate agonist or antag- 
onist activity in these apoptosis assays. This indicates that 
1786, which inhibits GM-CSF receptor binding, has a similarly 
specific GM-CSF receptor-dependent antagonist bioactivity. 

DISCUSSION 

The interaction of GM-CSF with its receptor has been the 
subject of intense investigation. Prior studies with GM-CSF 
mutants indicated that residues on the first (A) helix of GM- 
CSF are involved in the binding to high affinity receptor (the 
GM-CSFRa-/3 c complex) but not to low affinity receptor (GM- 
CSFRa alone) (24, 39, 40). This is illustrated most strikingly by 
studies using mutants of residue Glu-21 of GM-CSF, which 
inhibit binding of GM-CSF to the low affinity receptor, but 
display little activity in inhibiting binding to the high affinity 
receptor (39, 41, 42). Based on these experiments, it has been 
proposed that the first a helix of GM-CSF is responsible for 
binding to ft (40). 

Murine and human GM-CSF display species specificity and 
are not cross- reactive. As substitutions are scattered through- 
out these molecules, it was possible to swap regions of murine 
and human GM-CSF to locate sites critical for receptor inter- 
action (35). These studies indicated a critical role for amino 
acids 21-31 (A helix) and 77-94 (including the C helix) in 
mediating the activity of human GM-CSF, suggesting that the 
second site may be involved in binding to the GM-CSFRa. 
Additional mutagenesis studies (42-45), mapping of neutraliz- 
ing monoclonal antibodies (46-50), and synthetic peptide stud- 
ies (47, 51, 52) suggest other potential interaction sites. Thus, 
in spite of considerable study, the GM-CSFRa interaction 
site(s) on GM-CSF remain incompletely characterized. 

In our group use of synthetic peptides, anti-peptide antisera, 
and neutralizing monoclonal antibody to map epitopes on GM- 
CSF important for bioactivity have led to several conclusions: a 
peptide corresponding to residues 17-31 of the A helix, as well 
as antibodies against this peptide, are able to inhibit GM-CSF 
dependent cellular proliferation; the 17-31 peptide also inhib- 
its GM-CSF binding to the high affinity receptor but not to the 
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Fig. 4. Inhibition of GM-CSF's prevention of apoptosis by peptides. Apoptosis was evaluated both by running cell lysate in an agarose gel 
{left, reported only for the case of peptides at 160 ^g/ml) and by determining mono- and oligonucleosomes with an ELISA kit {right, reported only 
for the significant 1786 peptide). The assays were performed as indicated under "Materials and Methods." Lysates from cells incubated with or 
without peptides in presence or absence of factors preventing apoptosis (GM-CSF, TPA, U87 supernatant) were loaded into gel {lefy or analyzed 
by ELISA reporting the percentage of maximal apoptosis, as referred to the absence of any reagent preventing apoptosis {rights. 



low affinity receptor; a peptide corresponding to residues 
54-78 overlapping the B and C helices is recognized by two 
neutralizing monoclonal antibodies to GM-CSF and exhibits 
antagonist bioactivity (27). This suggests a model of receptor 
interaction where residues on the B and C helices of GM-CSF, 
the opposite face of the A helix, are involved in interactions 
with GM-CSFRa, while residues on the A helix mediate bind- 
ing to ($ c (27). This model is supported by analysis of a rAb 
mimic of GM-CSF (23.2) as well as a peptide derived from the 
CDRI sequence of the rAb 23.2. The CDRI peptide and the rAb 
were shown to exhibit structural similarity to residues on the 
GM-CSF B and C helices; both the peptide and the rAb mimic 
were bound by neutralizing anti-GM-CSF monoclonal antibody 
126.213 and exhibited biological and/or receptor antagonist 
activity (28, 33). 

The purpose of this study was to further test this model by 
developing additional peptides which mimic the position of 
specific residues on the GM-CSF B and C helices, and evalu- 
ating them for receptor binding and biological activity. The 
structure of the two peptides discussed in this report derived 
from our prior studies, with 1785 and 1786 designed to struc- 
turally mimic potential contact residues on the GM-CSF B 
(residues 54-61) and C (residues 77-83) helices. The two pep- 
tides were synthesized with cysteines at both the amino and 
carboxyl termini in order to develop cyclic forms, thereby con- 
straining the conformations of the peptides and providing more 
accurate mimicry of the B and C helical face of GM-CSF. These 
peptides also allowed us to evaluate whether reverse turn 
peptide mimics, such as those developed from the rAb 23.2 
CDRI sequence, could be developed from simple structural 
considerations, obviating the need to develop them by library 
screening or antibody mimicry. 

The cyclic peptides were easily prepared by oxidation over- 
night, reaching almost 100% oxidation and 90% yield (only 
traces of dimer and trimer were detected by mass spectrometry 
analysis). The cyclized monomer peptides were therefore used 
in binding tests to polyclonal antibody against GM-CSF and to 
GM-CSF receptor present on HL60 cells. In both cases peptide 



1786 showed good binding capacity, displaying competitive be- 
havior toward GM-CSF in the radioreceptor assay. On the 
other hand, peptide 1785 demonstrated a lower binding affinity 
to polyclonal anti-GM-CSF antiserum and complete lack of 
interaction with the GM-CSF receptor. In order to establish 
their bioactivity, the peptides were assayed in an apoptosis 
assay. GM-CSF is known to prevent apoptosis of M07E cells 
(37, 38). These cells were incubated, in presence or absence of 
different concentrations of peptides, with fixed amounts of GM- 
CSF or U87 supernatant (a source of GM-CSF). TPA, an agent 
which also prevents apoptosis but via a different mechanism 
not involving the GM-CSF receptor, allowed the specificity of 
the reaction to be evaluated (37). Peptide 1786, but not 1785 or 
control peptides, displayed biological antagonist activity: in- 
creasing the amount of peptide 1786 resulted in an increase in 
apoptosis in response to GM-CSF or U87 supernatant, while no 
effect was seen in the presence of TPA. 

The IC 50 for peptide 1786 in the apoptosis assay was similar 
for both GM-CSF and U87 supernatant (65-85 jam). This is 
somewhat smaller than the calculated Kj for peptide inhibition 
of binding to low affinity receptor sites on HL-60 cells (270 /am). 
However, the low affinity sites do not appear to mediate bioac- 
tivity, while the high affinity sites do (21, 39). Interestingly, if 
a similar EC 50 is assumed for the high affinity sites, the cal- 
culated Kj for peptide 1786 in the binding assay is 59 ttM (36), 
much closer to the IC S0 observed in the apoptosis assay. This 
supports the role of high affinity sites in mediating bioactivity. 

Based on these studies, peptide 1786 represents a receptor 
antagonist of GM-CSF, supporting our conclusions from molec- 
ular-structural analysis utilizing recombinant antibodies (28) 
for the identification of residues critical for bioactivity. More- 
over, these studies suggest that similar peptide mimics can be 
designed based on structural information derived from knowl- 
edge of potential contact residues. The ability to design such 
mimics may be readily extended to other systems where suffi- 
cient structural and biological information is available to de- 
lineate potential contact residues. This should allow for the 
analysis of potential contact residues on novel backbones as 
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well as the rational design of receptor antagonists with poten- 
tial clinical utility. 
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Hie functional role of the predicted first a-helix of human 
granulocyte-macrophage colony-stimulating factor (GM- 
CSF) was analysed by site-directed mutagenesis and 
multiple biological and receptor binding assays. Initial 
deletion mutagenesis pointed to residues 20 and 21 being 
critical. Substitution mutagenesis showed that by altering 
Gln20 to Ala full GM-CSF activity was retained but that 
by altering Glu21 for Ala GM-CSF activity and high 
s affinity receptor binding were decreased. Substitution of 
different amino acids for Glu21 showed that there was 
a hierarchy in the ability to stimulate the various 
biological activities of GM-CSF with the order of potency 
being Asp21 > Ser21 > Ala21 > Gln21 > Lys21 = 
Arg21. To distinguish whether position 21 was important 
for GM-CSF binding to high or low affinity receptors, 
GM-CSF (Arg21) was used as a competitor for 
[ 125 I]GM-CSF binding to monocytes that express both 
types of receptor. GM-CSF (Arg21) exhibited a greatly 
reduced capacity to compete for binding to high affinity 
receptors, however, it competed fully for [ 125 I]GM-CSF 
binding to low affinity receptors. Furthermore, GM-CSF 
(Arg21) was equipotent with wild-type GM-CSF in 
binding to the cloned low affinity a-chain of the GM-CSF 
receptor. These results show that (i) this position is critical 
for high affinity but not for low affinity GM-CSF 
receptor binding thus defining two functional parts of the 
GM-CSF molecule; (ii) position 21 of GM-CSF is critical 
for multiple functions of GM-CSF; and (iii) stimulation 
of proliferation and mature cell function by GM-CSF are 
mediated through high affinity receptors. 
Key words: growth factors/haemopoiesis/mutagenesis/ 
structure - function/receptors 



Introduction 

Human (h) granulocyte-macrophage (GM) colony- 
stimulating factor (CSF) is a multi-potential growth factor 
capable of stimulating several haemopoietic cell lineages such 
as the neutrophilic, eosinophilic, monocytic and 
megakaryocytic series (Sieff etal, 1985; Metcalf et al. , 
1986). In addition GM-CSF is also able to stimulate the 
function of the differentiated progeny enhancing the effector 
functions of neutrophils and eosinophils (Vadas et al., 1983; 
© Oxford University Press 



Gasson et al, 1984; Lopez et al., 1986) and the capacity 
of monocytes to kill tumour cells (Grabstein et al., 1986) 
and adhere to various surfaces (Gamble et al., 1989; Elliott 
et al., 1990). Because of this pleiotropic effect GM-CSF has 
been used in vivo where it has been shown to increase the 
granulocyte counts in AIDS patients (Groopman et al., 

1987) , accelerate bone marrow reconstitution following 
chemotherapy (Antman et al., 1988) and enhance the 
effector function of circulating neutrophils (Baldwin et al., 

1988) . In addition to normal haemopoietic cells, certain 
tumour cell lines have also been shown to respond to GM- 
CSF by proliferating in vitro (Dedhar et al., 1988; Berdel 
etal., 1989). 

The human GM-CSF receptor has now been cloned and 
shown to comprise at least a binding (a) chain that binds 
GM-CSF with low affinity (Gearing etal., 1989) and a 
second 03) chain that does not seem to bind GM-CSF by 
itself but which allows the formation of a high affinity 
receptor when co-expressed with the a-chain (Hayashida 
et al., 1990). The functions mediated by each chain of the 
GM-CSF receptor are not yet known. 

Despite the multiple in vitro and in vivo studies with GM- 
CSF, little is known about regions of the molecule essential 
for activity and in particular whether different regions 
participate in binding to high and low affinity receptors and 
their relationship to function. Using a chemical-synthesis 
approach we have previously shown that the 14 most N- 
terminal and the six most C-terminal residues of GM-CSF 
are not required for function, and importantly that the 
14-24 region in the first predicted a-helix of GM-CSF is 
essential for bioactivity (Clark-Lewis et al., 1988). Similar 
results were obtained using human -mouse GM-CSF 
chimeric molecules (Kaushansky etal, 1989; Shanafelt 
etal., 1991) and monoclonal anti-GM-CSF antibodies which 
blocked activity (Brown etal., 1990). The latter two 
approaches identified, in addition, a second region in GM- 
CSF between residues 88-96 important for activity. 

We have now used site-directed mutagenesis to study in 
more detail the predicted first a-helix of GM-CSF and, in 
particular, focussed on the hydrophilic residues Gin at 
position 20 and Glu at position 21. Our results show that 
residue Glu21 is critical for the full biological activity of 
GM-CSF. Significantly, substitution of Glu21 with Arg 
impaired the binding to high affinity but not to low affinity 
GM-CSF receptors, thus linking high affinity binding to the 
various functions examined and suggesting that Glu21 may 
be involved in binding to the /3-subunit of the GM-CSF 
receptor. 

Results 

Mutagenesis of Gln20 and Glu21 of human GM-CSF 

Initial experiments designed to examine the effect of N- 
terminal deletions on GM-CSF activity revealed that deletion 
of residues I -24, 7-24 and 14-24 caused loss of GM- 
CSF activity (data not shown). We then focused on residues 
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Gln20 and Glu21 predicted to constitute a hydrophilic face 
of the GM-CSF molecule (Parry et a/., 1991). Deletion of 
residues 20-21 resulted in the complete loss of GM-CSF 
ability to stimulate bone marrow colony formation, the 
neutrophil respiratory burst and antibody-dependent 
cytotoxicity (ADCC), eosinophil-mediated antibody- 
dependent cytotoxicity (ADCC), and in the ability to compete 
for [ ,25 I]GM-CSF high affinity binding to human 
neutrophils. In order to ascertain the importance of positions 
20 and 21 for the biological activities of GM-CSF less severe 
modifications were carried out by introducing the non-polar 
residue alanine at both these positions. Experiments using 
transiently transfected COS cells showed that GM- 
CSF(Ala20) had the same potency as wild-type (WT) GM- 
CSF at stimulating day 14 GM bone marrow colonies 
(100.3% potency, not different to WT GM-CSF P = 0.9, 
n = 6), neutrophil ADCC (1 16.9%, n = 6, P = 0.45) and 
superoxide anion (O2") generation (104.3%, n = 12, P = 
0.65) and eosinophil ADCC (94.7%, n = 4, P = 0.76). 
In contrast GM-CSF(Ala21) was less potent than WT GM- 
CSF at stimulating neutrophil ADCC (24.2%, n = 8, P < 
0.001) and 0 2 " generation (28.9%, n = 12, P < 0.001), 
and eosinophil ADCC (21.0%, n = 4, P < 0.001). The 
double substitution GM-CSF(Ala20 Ala21) was also less 
potent than WT GM-CSF at stimulating neutrophil ADCC 
(17.0%, n = 6, P < 0.01) and 0 2 ~ generation (7.5%, n 
= 1 1, /> < 0.001). In addition, GM-CSF(AIa21) and GM- 
CSF(Ala20 Ala21) failed to stimulate 50% of WT GM-CSF 
day 14 GM colonies at the highest concentrations tested 
(100 ng/ml). 

Single amino acid substitutions of Glu21 
Having identified residue 21 as important for several 
biological properties of GM-CSF, a series of single 
substitutions were carried out to replace Glu21 with amino 
acids of different hydrophilicity and polarity. The amino 
acids introduced were aspartic acid (hydrophilic, acidic), 
glutamine (hydrophobic, neutral), serine (hydrophilic, 
neutral), alanine (hydrophobic, neutral), arginine 
(hydrophilic, basic) and lysine (hydrophilic, basic). 



Examination of these GM-CSF mutants for their ability 
to stimulate the proliferation of leukaemic cells showed that 
the substitution of Glu for Asp reduced activity by 4-fold, 
for Ser by 30-fold, for Ala by 80-fold and for Gin by 
100-fold. Substitutions with Lys and Arg yielded GM-CSF 
mutants with no activity up to a concentration of 10 ng/ml 
(Figure 1A). A titration of these GM-CSF mutants on 
stimulation of monocyte adherence showed similar results, 
with the acidic residue Asp affecting GM-CSF activity the 
least and the basic residues Arg and Lys virtually abolishing 
GM-CSF activity up to a concentration of 10 ng/ml 
(Figure IB). Essentially the same pattern was observed in 
the stimulation of neutrophil 0 2 ~ generation (data not 
shown). 

Competition binding experiments on neutrophil high 
affinity GM-CSF receptors mirrored the hierarchy of the 
biological data. Using 70 pM [ ,25 I]GM-CSF and the 
different GM-CSF proteins at 30-fold excess the levels of 
competition were 87.9% for WT GM-CSF, 26.1% for 
Asp21, 23.0% for Ser21, 18.3% for Ala21, 16.6% for 
Gln21, 14.6% for Arg21 and 7.4% for Lys21. 

Purification and biological activities of GM-CSF with 
substitutions at positions 20 and 21 
To study in more detail the relevance of positions 20 and 
21, GM-CSF(Ala20), GM-CSF(Ala21), GM-CSF(Ala20, 
Ala21), GM-CSF(Arg21) and GM-CSF(Ala20, Arg21) were 
purified by affinity chromatography and reversed phase 
HPLC from supernatants of transfected CHO cells. After 
quantitation by amino acid analysis the GM-CSF mutants 
were visualized by Western blot analysis (Figure 2A) and 
silver staining (Figure 2B) to confirm purity and integrity. 
The purified GM-CSF mutants showed similar molecular 
weight heterogeneity, hence degree of glycosylation, to the 
wild-type GM-CSF (Figure 2A and B). 

These purified mutants stimulated the [ 3 H]thymidine 
incorporation of leukaemic cells with different potencies. 
While GM-CSF(Ala20) was equipotent to the wild-type 
GM-CSF, GM-CSF(Ala21) was 30-fold, GM-CSF(Ala20, 
Ala21) 100-fold and GM-CSF(Arg21) and GM-CSF(Ala20, 



A B 




[ GM-CSF ] (ng/ml ) [gM-CSf]( ng/ml ) 



Fig. 1. Titration of GM-CSF mutants containing different residues at position 21 for their ability to stimulate the incorporation of [ 3 H]thymidine into 
chronic myeloid leukaemia cells (A) and to stimulate monocyte adherence (B). Wild-type (WT) GM-CSF (•) as well as GM-CSF(Ala2l) (▲) GM- 
CSF(Arg2l) (A), GM-CSF(Lys21) (O). GM-CSF(Gln21) ( 0 ), GM-CSF(Ser21) (■) and GM-CSF(Asp21) (□) were tested at the concentrations 
shown. Representative experiments are shown with the bars spanning the SEM. 
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Arg21) 200-fold less potent than wild-type GM-CSF 
respectively (Figure 3A). 

Stimulation of mature cell function showed a similar 
hierarchy and relative potencies in the stimulation of 
monocyte adherence and neutrophil 0 2 ~* production. On 
monocyte adherence GM-CSF(Ala21) was 30-fold less 
potent than wild-type GM-CSF and GM-CSF(Ala20), while 
GM-CSF(Ala20, Ala21), GM-CSF(Arg21) and GM- 
CSF(Ala20, Arg21) were - 100-, 200- and 200-fold less 
potent respectively (Figure 3B). On neutrophil 0 2 ~ 

A 

kD 1 2 3 4 5 6 7 



9 2.5 




production GM-CSF(Ala20), GM-CSF(Ala21), GM- 
CSF(Ala20, Ala21), GM-CSF(Arg21), GM-CSF(Ala20, 
Arg21) were 10-, 100-, 200- and 200-fold less potent than 
wild-type GM-CSF respectively (Figure 4A). 

In competition binding experiments on the neutrophil high 
affinity GM-CSF receptor, GM-CSF(Ala20) was 3-fold, 
GM-CSF(Ala21) 40-fold, and GM-CSF(Ala20, Ala21), 
GM-CSF(Arg21) and GM-CSF(Ala20, Arg21) > 100-fold 
less effective than wild-type GM-CSF at competing for 
[ ,25 I]GM-CSF binding (Figure 4B). 

B 



kD 1 2 3 4 5 6 7 




Fig. 2. Western blot analysis (A) and silver staining (B) of GM-CSF mutants after purification by affinity chromatography and HPLC. After 
quantitation by amino acid analysis 200 ng of protein was loaded per track and electrophoresed on a 12.5% polyacrylamide-SDS gel. In (A) GM- 
CSF protein was visualized by using a sheep antibody to human GM-CSF followed by a biotinylated rabbit anti-sheep antibody and developing the 
reaction with diaminobenzidine. In (B) the same amount of purified GM-CSF protein was visualized by silver staining. The different lanes contain 
WT GM-CSF (lane 1). GM-CSF(Arg2l) (lane 2). GM-CSF(Ala20, Arg21) (lane 3), GM-CSF(Ala20) (lane 4), GM-CSF(Ala21) (lane 5), GM- 
CSF(Ala20, Ala2I) (lane 6) and WT GM-CSF (lane 7). 




[GM-CSF](ng/ml) [gM-CSf]( ng/ml) 



Fig. 3. Titration of purified GM-CSF proteins. WT GM-CSF <□), GM-CSF(Ala20) (A), GM-CSF( Ala2 1 ) <□), GM-CSF(Arg21) (•), GM- 
CSF(Ala20 Ala21) (■) and GM-CSF(Ala20. Arg21) (A), for their ability to stimulate the [ 3 H]thymidine mcorporauon in chrome myeloid leukacmic 
cells (A) and to stimulate monocyte adherence (B). Representative experiments are shown with the bars spanning the SEM. 
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Fig. 4. Comparison of purified GM-CSF mutants for their ability to stimulate neutrophil superoxide production (A), and to compete for the binding 
of yeast-derived ,25 I-labelled GM-CSF to the high affinity GM-CSF receptors of neutrophils (B). The GM-CSF mutants used were as described for 
Figure 3. Representative experiments are shown with the bars spanning the SEM. 
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[ 125 l-GM-CSF](nNl) B[pM] 

Fig. 5. Competition of yeast-derived ( l25 IJGM-CSF binding to monocytes by GM-CSF(Arg2l). (A) Binding curve with different concentrations of 
['"IIGM-CSF in the presence of 100-fold excess GM-CSF (O) or 35-fold excess purified GM-CSF(Arg2I) (•). Specific counts for each duplicate 
determination are shown. (B) Scatchard analyses of the experiment in (A) showing the competition in the presence of GM-CSF (O) or GM- 
CSF(Arg21) (•). The mean values are plotted. Incubation was for 16 h at 4°C. 



Differential binding of GM-CSF(Arg21) to high and 
tow affinity GM-CSF receptors 

Although the experiments described above showed that 
Glu21 was important for several biological activities of GM- 
CSF and for high affinity binding, they did not distinguish 
whether binding to the low affinity receptor was also affected 
and as such could not discriminate which type of receptor 
was responsible for function. To address this question we 
selected the GM-CSF(Arg21) mutant which had been shown 
to be one of the weakest GM-CSF analogues. Purified GM- 
CSF(Arg21) was tested for its ability to inhibit GM-CSF 
binding to high and low affinity receptors by using human 
monocytes which express both types of receptor (Elliott 



etal., 1989). A binding curve using increasing 
concentrations of [ ,25 I]GM-CSF was performed in the 
presence of 35-fold excess purified GM-CSF(Arg21). This 
experiment revealed that GM-CSF(Arg21) slightly inhibited 
the binding of low concentrations of [ I25 IJGM-CSF (high 
affinity binding) and strongly inhibited the binding of high 
concentrations of [ ,25 I]GM-CSF (low affinity binding) 
(Figure 5A). The percentage levels of inhibition by GM- 
CSF(Arg21) for each concentration of [ ,25 I]GM-CSF were 
13.7% (50 pM), 26.2% (100 pM), 35.6% (250 pM), 37.2% 
(500 pM), 58.4% (1 nM), 68.7% (1.5 nM) and 71.2% 
(2 nM). Scatchard transformation of these data showed that 
GM-CSF(Arg21) eliminated GM-CSF low affinity binding 
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Fig. 6. Competition of Eco/i-derived l ,25 I]GM-CSF binding to (A) COS cells transfected with the low affinity a-chain of the human GM-CSF 
receptor, and to (B) purified human neutrophils by increasing concentrations of (O) WT GM-CSF or (•) GM-CSF(Arg21). Binding was for 3 h at 
4°C to (A) 1 x \<fi transfected COS cells with 6 nM ( l25 I]GM-CSF or (B) 1.5 x itf neutrophils with 2 nM ( ,25 I]GM-CSF. 



while slightly decreasing the number of high affinity sites 
(Figure 5B). 

To confirm the ability of GM-CSF(Arg21) to distinguish 
between high and low affinity receptors experiments were 
carried out using COS cells transfected with the GM-CSF 
low affinity a-chain of the GM-CSF receptor (Gearing et al. , 
1989) and neutrophils as controls. The results showed that 
the binding of GM-CSF(Arg21) to low affinity GM-CSF 
receptors was indistinguishable from that of wild-type GM- 
CSF (Figure 6 A) and that GM-CSF(Arg21) was 300-fold 
less potent than wild-type GM-CSF at competing for 
neutrophil high affinity receptors (Figure 6B). 

Discussion 

We have performed a structure -function analysis of human 
GM-CSF by using site-directed mutagenesis and multiple 
biological and binding assays. Our results show that residue 
21 of GM-CSF is important for GM-CSF function including 
proliferation, differentiation and mature cell function. We 
also report that residue 21 is implicated in binding to high 
affinity as opposed to low affinity GM-CSF receptors thus 
linking high affinity binding with the multiple functions 
examined. Significantly, substitution of Glu21 with Arg 
greatly decreased binding to high affinity receptors but 
retained the capacity to bind to low affinity receptors strongly 
suggesting that residue 21 is involved in binding to the 0- 
chain of the GM-CSF receptor. 

Residue Gln20 appeared not to be critical in that GM- 
CSF(Ala20) exhibited the same biological activity as the 
native GM-CSF. TTiis is in agreement with other experiments 
in which a mouse -human hybrid GM-CSF molecule 
containing a mouse sequence between amino acids 
1 -20 was found to be fully active (Kaushansky et a/., 1989; 
Shanafelt et aL, 1991), thus showing that a change from 
Gln20 to the mouse equivalent Lys20 does not alter GM- 
CSF activity. However, the finding that GM-CSF(Ala20) 
had a slightly impaired capacity to compete for high affinity 
binding (Figure 4B) and the fact that GM-CSF(Ala20, 
Ala21) was less active than either GM-CSF(Ala20) or GM- 
CSF(Ala21) suggest some contribution by Gln20 to the 
activities of GM-CSF. 

In contrast to Gln20, substitution of Glu21 by amino acids 



of different hydrophilicity and polarity significantly affected 
the potency of GM-CSF. Biological analysis of these mutants 
showed that the substitution of an acidic (Glu) for another 
acidic (Asp) residue caused the least change of activity while 
substitution by basic residues (Arg, Lys) caused the biggest 
reduction in GM-CSF activities. The other substitutions, 
either hydrophilic uncharged or hydrophobic, exhibited 
intermediate potency. 

These series of substitutions suggest that Glu at position 
21 is critical for GM-CSF activity and its acidic nature is 
important for binding to the high affinity GM-CSF receptor 
or in maintaining an appropriate tertiary configuration. In 
view of these results it is tempting to speculate that Glu21 is 
part of a GM-CSF binding site or close to residues involved 
in it, a notion supported by predictive conformational studies 
suggesting that Glu21 lies in the external face of the first 
cx-helix (Parry et aL, 1991). However, despite the fact that 
single point mutations can be more revealing than antibody 
molecules (which are six times the size of GM-CSF) or 
deletion mutants, the possibility cannot be ruled out that the 
mutations we made have induced a conformational change 
in GM-CSF. Nevertheless the fact that GM-CSF(Arg21) was 
equipotent to WT GM-CSF in competing for low affinity 
binding would argue against the latter possibility. 

An important finding with these GM-CSF mutants was 
the demonstration that all the activities of GM-CSF tested 
were affected. Examination of GM-CSF mutant-mediated 
stimulation of cell proliferation showed the same hierarchy 
as for stimulation of neutrophil and monocyte function. In 
competition binding experiments the order in which these 
mutants inhibited the binding of [ ,25 I]GM-CSF to the high 
affinity receptor of neutrophils paralleled their bioactivity. 

Whilst these studies focused on the 14-24 region of GM- 
CSF there seem to be other regions in the GM-CSF molecule 
also important for activity. The fact that a chemically 
synthesized GM-CSF peptide spanning residues 1-53 was 
not sufficient for activity (Clark-Lewis et aL, 1988) suggests 
a second region of importance in the C-terminus. This region 
appears to extend between residues 77 and 94 as shown with 
human -mouse GM-CSF chimeric molecules (Kaushansky 
et aL, 1989; Shanafelt et aL, 1991), and inhibitory mono- 
clonal antibodies that recognize this area (Brown et al. , 1990; 
Nice et aL, 1990). In addition the involvement of regions 
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40-77 and 110-127 has also been suggested based on 
inhibitory studies using monoclonal antibodies (Nice et al, 
1990). 

Although mainly two regions of GM-CSF, encompassing 
residues 14-24 and 77 -94, appear to be involved in 
binding and bioactivity they both need to be preserved for 
full activity. Neither the peptides 1 -53 (Clark-Lewis et al, 
1988; Gamble et al, 1990), 54-127 (Clark-Lewis et al, 
1988; Gamble et al, 1990) nor 86-93 (Nice et al, 1990) 
expressed agonistic or antagonistic activity when used 
separately. These results suggest that either both regions are 
adjacent in the tertiary structure, forming a single binding 
site, or that they bind separately to distinct binding sites of 
the GM-CSF receptor. Our results with GM-CSF(Arg21) 
showing impairment of binding to high but not low affinity 
receptors (Figures 5 and 6) argues for the presence of two 
binding sites and suggests that Glu21 is involved in binding 
to the j8-chain (or a third member of the GM-CSF -receptor 
complex) but not to the a-chain (Figure 7). 

We note that GM-CSF belongs to a family of related 
cytokines with similar predicted tertiary configuration (Parry 
et al, 1988) and whose receptors also belong to a common 
family (Gearing et al, 1989; Bazan 1990). Our model with 
GM-CSF (Figure 7) may apply to other molecule members 
of this family, in particular IL-3 and IL-5, both of which 
have a glutamic acid at positions 22 and 10 respectively 
which are predicted to lie in the external face of the first 
a-helix (Parry etal, 1991). Appropriate changes in this 
region may alter the binding and function of these molecules 
in a similar way, particularly as the 0-chain of the GM-CSF 
receptor appears to be part of the high affinity IL-3 and 
IL-5 receptors (Lopez et al., 1990, 1991; Kitamura et al, 
1991b; Tavernier et al., 1991). 

An important implication of the differential binding to high 



and low affinity GM-CSF receptors by GM-CSF(Arg21) is 
that such a mutant, despite having greatly reduced potency 
at stimulating high affinity receptor-mediated functions, 
would be expected to fully occupy and activate low affinity 
receptor-mediated functions. The low affinity receptor may 
mediate proliferation signals in some cases as suggested by 
the relatively high concentrations of GM-CSF required for 
stimulation of [ 3 H]thymidine incorporation in monocytes 
(Elliott et al, 1989) and in particular by the ability of nM 
but not pM concentrations of human GM-CSF to stimulate 
the proliferation of mouse FDCP1 cells transfected with the 
low affinity human GM-CSF receptor a-chain (Metcalf 
et al, 1990). However, in a similar system but which used 
instead transfected CTLL cells, the a-chain alone was 
insufficient to allow proliferation (Kitamura et al, 1991a) 
and evidence has been presented that interaction with the 
0-chain across species is required for signalling even though 
high affinity binding is not observed. 

The latter experiment emphasizes a potential therapeutic 
use for molecules similar to GM-CSF(Arg21), namely their 
capacity to act as antagonists in situations where the low 
affinity a-chain provides binding but is incapable of 
generating cellular signals. Since binding to the a-chain as 
well as the 0-chain is required for high affinity binding and 
signalling, GM-CSF(Arg21) may pave the way for the 
engineering of mutants that have totally lost their ability to 
interact with the high affinity receptor but which by retaining 
their ability to bind to the a-chain can antagonize the effect 
of native GM-CSF. Such antagonists, either as monomers 
or dimers, could have useful clinical applications in situations 
where the presence of GM-CSF can exacerbate inflammation 
(Koyanagi et al, 1988) or lead to tumour cell growth 
(Baldwin et al, 1989; Dedhar et al, 1988; Berdel et al, 
1989). 
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Fig. 7. Proposed model of GM-CSF interaction with the a- and 0-chains of the GM-CSF receptor to accommodate the biological and binding data. 
On the left, binding to both the a- and £-chain of the GM-CSF receptor is shown. The triangular symbol in GM-CSF signifies a distinct structure 
(probably contributed to by helix D and the loop joining helices C and D) binding the a-chain, and the semi-circular structure, the critical 
contribution of Glu21 to the 0-chain binding. The complex gives high affinity binding and full function. On the right, GM-CSF(Arg21) mutant is 
shown with an intact interaction with the a-chain (thus giving low affinity binding) but impaired interaction with the 0-chain. The possibility that the 
a-chain by itself is able to stimulate some function in some cells is also indicated on this diagram. 



914 



Role of residue 21 of hGM-CSF in function and binding 



Materials and methods 

Site-directed mutagenesis and expression vector constructs 
Site-directed mutagenesis of a human GM-CSF cDNA clone kindly provided 
by Dr S.Clark (Genetics Institute. Cambridge, MA), was performed in phage 
MB as described (Zoller and Smith. 1 984) with mutant plaques being 
screened by the 3 M tetramethyl ammonium chloride procedure (Wood 
et al., 1985). The presence of the correct mutation was confirmed by chain 
termination sequencing (Sanger et at. , 1977) using a Sequenase Kit (United 
States Biochemical, Cleveland. OH). The mutant GM-CSF cDNAs were 
then excised from the M 13 clones RF DNA and subcloned into the transient 
mammalian expression vector pJL4 (Gough et al., 1985). Several mutant 
GM-CSF cDNAs were subsequently subcloned from the pJGM constructs 
into the neomycin selectable, mammalian expression vector pRSVN.07 (gift 
from Dr A.Robbins, Department of Biochemistry, University of Adelaide). 
All plasmid constructs were sequenced at the site of the mutation prior to 
transfection (Chen and Seeburg, 1985). 

Transection of GM-CSF and its analogues 

Transient transfections in COS ceiis. COS cells were grown to 50-70% 
confluence in Dulbecco's Modified Eagle's medium (DMEM) containing 
20 mM HEPES. penicillin, gentamicin and supplemented with 10% fetal 
calf serum (FCS). DNA constructs were introduced into COS cells by 
electroporation using a Bio-Rad Gene Pulser (Chu et al., 1987). For each 
transfection 20 /ig of DNA, 25 ug sonicated salmon sperm DNA and 50 pi 
FCS were mixed with 5 x If/ COS cells in 0.5 ml of 20 mM HEPES- 
buffered saline containing 6 mM glucose. After a 24 h incubation the medium 
was replaced with FCS-free DMEM and incubated for a further 72 h before 
the conditioned medium was harvested and assayed for GM-CSF protein. 

Permanent transfections in CHO ceils. CHO cells were grown to - 80% 
confluence in Hams F12 nutrient mixture containing penicillin, gentamicin 
and supplemented with 10% FCS. DNA constructs were introduced into 
CHO cells by electroporation after mixing 10 /tg of pRSVNGM plasmid 
DNA with 5 x 10 4 CHO cells. 24-48 h after transfection selective 
F12 media containing geneticin (Gibco Laboratories) was added to the cells. 
Maximally expressing individual geneticin-resistant CHO colonies were 
selected and used to produce GM-CSF or mutant analogues. 

Visualization of mutant GM-CSF protein 

GM-CSF-containing COS cell supernatants and purified GM-CSF protein 
was size-fractionated by SDS- 12.5% PAGE (LaemmJi, 1970). For Western 
blot analysis, protein was transferred to nitrocellulose as described (Towbin 
et al., 1979). Filters were probed with a sheep anti-GM-CSF (gift from 
Dr S.Clark, Genetics Institute, Cambridge, MA) followed by a second layer 
of biotinylated rabbit anti-sheep IgG. After a further incubation with an 
avidin-biotinylated horseradish peroxidase conjugate, the complex was 
visualized using a diaminobenzidine substrate solution. For silver staining, 
the method of Morrissey (1981) was used. 

Quantitation and purification of GM-CSF protein 
The amount of GM-CSF protein present in COS cell supernatants was 
quantitated by a radioimmunoassay (RIA). Some mutants were selected for 
purification and quantitation by amino acid analysis. 

RIA. A competitive RIA was developed using ,25 I-labelled human GM- 
CSF and a polyclonal sheep anti-GM-CSF serum (gift from Dr S.Clark. 
Genetics Institute. Cambridge. MA). GM-CSF modified by the addition 
of an extra tyrosine in the N-terminus (gift from Dr L.S.Park, Immunex 
Corp.. Seattle. WA) was labelled as described below. COS cell supernatants 
(50 u\) were incubated with sheep anti-GM-CSF serum (50 y\ of 
1 :40,000 dilution). After 4 h incubation at 4°C, 0. 1 ng of ( l25 HGM-CSF 
was added for a further 16 h before adding 100 pi of reconstituted anti- 
sheep Immunobead reagent (Bio-Rad Laboratories, Richmond. CA) for 4 h. 
The mixtures were then washed twice with phosphate-buffered saline (PBS), 
the pellet resuspended in 200 /tl of PBS and transferred to 3DT tubes for 
counting in a gamma-counter (Packard Instrument Company, Meriden, CT). 
The amount of GM-CSF protein was calculated from a standard curve 
constructed with known amounts of GM-CSF. 

Protein purification and amino acid analysis. GM-CSF protein in the 
supernatants of CHO cell lines permanently transfected with selected GM- 
CSF mutant cDNA was purified using an affinity column containing the 
monoclonal antibody LMM 1 1 1 attached to Sepharose beads (Cebon et al. . 
1988). Further purification was achieved by reversed phase HPLC and the 
resulting GM-CSF protein quantitated by amino acid analysis as described 
(Cebon et al., 1990). This procedure also calculated the GM-CSF mutant 
preparations to be >99% pure. 



Stimulation of haemopoietic cell proliferation 
Two types of assay were performed. 

Colony assay. This assay measured the clonal proliferation and differentiation 
of bone marrow progenitor cells in semi-solid agar and was carried out 
as described (Lopez et a!.. 1988). 

Proliferation of chronic myeloid leukaemic (CML) cells. Primary CML cells 
from one patient were selected for their ability to incorporate [ 3 H]thymidine 
in response to GM-CSF. This assay was performed as described (Lopez 
etal.. 1988). 

Functional activation of human granulocytes and monocytes 

Antibody-dependent cell-mediated cytotoxicity (ADCQ assay. Neutrophils 
and eosinophils were purified on Metrizamide (Nyegaard, Oslo) and tested 
against antibody-coated, 5, Cr-labelled P815 cells coupled with 
trinitrophenyl as previously described (Vadas et al., 1983). 

Superoxide anion production assay. This was carried out as described 
previously (Lopez et al., 1986). 

Monocyte adherence. Monocytes were purified from the peripheral blood 
of normal donors obtained from the Adelaide Red Cross Transfusion Service, 
as previously described (Elliott et al.. 1990). Stimulation of monocyte 
adhesion by GM-CSF was measured by an isotopic method essentially as 
described (Elliott et al.. 1990). In each assay the concentration of GM-CSF 
protein giving 50% maximal response was determined and the relative 
potency calculated by dividing the concentration of WT GM-CSF giving 
50% stimulation by the concentration of mutant GM-CSF protein giving 
50% stimulation and multiplying by 100. In some experiments the geometric 
mean from several experiments was calculated and statistical significance 
between values from different mutants determined by a paired t test. 

Radioreceptor assay 

Rodioiodinotion of GM-CSF. Yeast-derived human GM-CSF (gift from Dr 
L.Park, Immunex Corporation, Seattle. WA). or Escherichia co/i'-derived 
human GM-CSF was radioiodinated by the IC1 method (Contreras et al., 
1983). Iodinated protein was separated from free ,25 I by chromatography 
on a Sephadex G-25 PD 10 column (Pharmacia, Uppsala, Sweden) 
equilibrated in PBS containing 0.02% Tween 20. and stored at 4°C for 
up to 4 weeks. Before use. the iodinated protein was purified from Tween 
and non-protein-associated radioactivity by cation exchange chromatography 
on a 0.3 ml CM-Sepharose CL-6B column (Pharmacia) and stored at 4°C 
for up to 5 days. The radiolabelled GM-CSF retained >90% biological 
activity as judged from titration curves using non-iodinated GM-CSF as 
controls. 

Competition binding assays. Competition for binding to high affinity receptors 
used freshly purified neutrophils which express only this type of receptor 
(Gasson et al., 1986). The cells were suspended in binding medium 
consisting of RPMI 1640 supplemented with 20 mmol/l HEPES, 0.5% 
bovine serum albumin (BSA) and 0.1% sodium azide. Typically, equal 
volumes (50 u\) of 4 x If/ neutrophils, 70 pM iodinated GM-CSF, and 
different concentrations of GM-CSF and GM-CSF analogues were mixed 
in siliconized glass tubes for 3 h at 4 e C. Competition for binding to high 
and low affinity GM-CSF receptors used human monocytes which express 
both types of receptor (Elliott et al., 1989). Equal volumes (50 pi) of cells 
(2 x If/), iodinated GM-CSF at different concentrations and 100-fold 
excess wild-type GM-CSF to establish non-specific binding, or 35-fold excess 
GM-CSF(Arg21) were mixed together for 16 h at 4°C before centrifugatjon 
of the cells over a cushion of FCS as above. Specific counts were determined 
by first subtracting the counts obtained in the presence of excess wild-type 
GM-CSF. Competition for binding to the low affinity GM-CSF receptor 
was performed using COS cells transiently transfected with a GM-CSF 
receptor cDNA clone as described (Gearing et al., 1989). To \(f COS cells 
6 nM of £.«>//-derived [ l25 I]GM-CSF were added in the presence of 
different concentrations of wild-type GM-CSF or GM-CSF(Arg21) for 3 h 
at 4°C. In each case cell suspensions were overlaid on 0.2 ml FCS at 4°C, 
centrifuged in a Beckman Microfuge 12, and the tip of each tube containing 
the visible cell pellet cut off and counted in a gamma counter. In the case 
of monocytes the results are expressed in the form of equilibrium binding 
data and Scatchard transformation of these data as described (Scatchard. 
1949). 
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Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) is a glycoprotein required for the prolifer- 
ation and differentiation of granulocyte and macro- 
phage precursors. Previous investigations have iden- 
tified regions in human and murine GM-CSF that are 
required for bioactivity. In the present study, alanine 
substitution mutagenesis was undertaken to define 
more precisely specific amino- terminal residues in mu- 
rine GM-CSF that are involved in bioactivity and 
receptor binding. Five double alanine mutants were 
identified that showed at least 10-fold reductions in 
bioactivity (K14AK20A, K14AE21A, H15AK20A, 
H15AE21 A, K20AE21 A). Each of these mutants main- 
tained a normal N- linked glycosylation pattern when 
expressed in COS-1 cells, suggesting that native poly- 
peptide backbone conformation was preserved. The 
purified prokaryotic expression products of two mu- 
tants (K14AE21A and H15AE21A) had a 100-fold de- 
crease in bioactivity and a decrease in receptor bind- 
ing, indicating that the side chains of K14, HI 5, and 
E21 are required for optimal receptor binding and 
maximal bioactivity. 



Granulocyte-macrophage colony-stimulating factor (GM- 
CSF) 1 is a glycoprotein required for the proliferation and 
maturation of cells of the granulocyte and macrophage line- 
ages (1). cDNAs for murine and human GM-CSF have been 
cloned, and protein was expressed in both prokaryotic and 
eukaryotic systems (2-5). There is 54% interspecies amino 
acid identity, yet there is no biologic cross -reactivity. Struc- 
ture-function studies to date have identified multiple regions 
throughout murine and human GM-CSF that are required for 
normal function (5-15). These studies have utilized two basic 
approaches. In the first, the bioactivity and receptor binding 
of substitution mutants, deletion mutants, peptides, and in- 
terspecies chimeras were assessed. The second approach has 
been immunologic, utilizing neutralizing monoclonal antibod- 
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ies to map critical epitopes. These analyses have identified 
critical regions which correspond or overlap with predicted a- 
helices or are located in proposed interhelical loop sequences. 
While these studies have generated a great deal of information 
regarding bioactivity and receptor binding, there has been 
little or no attempt to demonstrate the conformational alter- 
ations caused by the various mutations. Therefore, it is not 
clear if loss in bioactivity results from alteration and/or 
deletion of specific amino acid side chains or secondary con- 
formational changes. 

We have shown previously that JV-linked glycosylation can 
be used as an independent measure of conformational changes 
in mGM-CSF mutants. Both human and murine GM-CSF 
have two potential iV-linked glycosylation sites. When mGM- 
CSF is produced in a mammalian expression system, the 
predominant species has one N-glycosylation site filled (12). 
In our studies, removal of disulfide bonds or core hydrophobic 
side chains and disruption of a-helices by proline substitution 
mutagenesis caused aberrant glycosylation and usually de- 
creased bioactivity when expressed in COS-1 cells (5, 12). In 
these deletion or substitution mutants, hyperglycosylation 
was present, with both iV-linked glycosylation sites utilized. 
Although not every hyperglycosylation mutant showed signif- 
icantly decreased bioactivity, all mutants with loss of bioac- 
tivity showed abnormal N-linked glycosylation. More recent 
studies comparing the circular dichroism spectra of the proline 
substitution mutants to GM-CSF show a decreased a-helical 
content in mutants with decreased bioactivity and hypergly- 
cosylation. 2 Since mutations which alter the final folded con- 
formation of mGM-CSF are likely to expose the second JV- 
linked glycosylation site, the glycosylation pattern of mGM- 
CSF serves as a sensitive measure of conformational changes 
induced by mutation. 

In the present study, we sought to define further the amino 
acid residues in the putative amino-terminal a-helix of mGM- 
CSF that are involved in receptor binding (13, 15). Alanine 
substitutions were systematically introduced, in an effort to 
eliminate the contribution of specific side chains to receptor 
binding, while inducing minimal, if any, alteration of back- 
bone conformation. To assess whether specific alanine sub- 
stitutions did alter secondary or tertiary structure, mutant 
proteins were expressed in COS-1 cells, and the degree of 
glycosylation was analyzed by sodium dodecyl sulfate-poly- 
acryamide gel electrophoresis. To confirm that loss of bioac- 
tivity was due to reduced receptor binding, selected mutants 
with normal glycosylation were expressed in Escherichia co/i, 



2 S. Altmann, L. Melton, M. Prystowsky, and B. Erickson, manu- 
script in preparation. 
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purified to homogeneity, and analyzed in both receptor-bind- 
ing competition studies and bioactivity assays. 

The amino-terminal region of murine GM-CSF (mGM- 
CSF) that includes amino acid residues 11-23 was selected 
for alanine substitution mutagenesis. This region has been 
shown to be critical for normal function (6-10, 12-15) and is 
predicted to have or-helical secondary structure (7, 8, 16). 
Given that hydrophilic side chains are likely to be exposed to 
solvent (17, 18) and available to interact with cell-surface 
receptors, these residues were targeted for mutagenesis. 

MATERIALS AND METHODS 

Mutagenesis— Site-directed mutagenesis was performed as previ- 
ously described (12). Native murine GM-CSF cDNA was cloned into 
pRJB, and plasmid DNA was propogated in the E. coli strain XLl- 
Blue (Stratagene). Site-directed mutagenesis was performed using 
the Amersham oligonucleotide -directed in vitro mutagenesis system 
(Version 2, RPN.1523). Oligonucleotides 21-22 bases long, comple- 
mentary to the mGM-CSF cDNA sequence of interest and containing 
the mutant codon of interest, were utilized. Large scale DNA prepa- 
rations were made from transformed E. coli 7 and plasmids were twice 
banded on CsCl gradients for transfection. The entire coding regions 
of all mutant cDNA were sequenced Mutants were named as follows: 
the substituted amino acid(s) position number(s) are preceded by the 
single initial(s) representing the native residue(s) and followed by the 
initial(s) of the substituted mutant amino acid(s). For example, the 
substitution of alanines at positions 14 and 15, for lysine and histi- 
dine, respectively, is denoted K14AH15A. 

Protein Expression and Bioactivity Quantitation — Transfection 
was performed using the DEAE-dextran method, as decribed (12). 
Ten jig of plasmid DNA were used for each transfection, with dupli- 
cate plates set up to allow for simultaneous production of metaboli- 
cally radiolabeled and nonlabeled protein products. Briefly, following 
24-h incubation of transfected COS-1 cells at 37 "C, the medium was 
aspirated and replaced with 2.5 ml of methionine-deficient culture 
medium either with or without 100 ftCi/ml of [^S] methionine (ICN 
Biomedicals Trans^S-label, 51006). The supernatants were harvested 
after 48 h of additional incubation at 37 °C. 1 ml of radiolabeled 
supernatant was precleared twice with 200 td of IgSorb (Enzyme 
Center, Maiden, MA). 200 til of precleared supernatant was mixed 
with 10 jil of polyclonal rabbit-anti-murine GM-CSF, and the com- 
plexes precipitated with IgSorb. Pellets were then resuspended in 
Laemmli running buffer (19), boiled for 2 min, and the supernatants 
were electrophoresed on 15% polyacrylamide gels. Prestained high 
molecular weight markers (BRL) were used as standards. Gels were 
vacuum -dried, and autoradiography was performed. 

16-point 3-fold serial dilution curves from DA3 cell (20) prolifera- 
tion assays were used to calculate the percent COS-1 -conditioned 
medium for each mutant required for 50% maximal D A3 proliferation 
( 12). In these assays, DNA synthesis by the DA3 cell line was reflected 
by [ : 'H] thymidine incorporation by cells in 96- well culture plates. The 
y value (counts/min) for 50% maximal stimulation was calculated as 
follows: 0.5 x ( y mM - Ynin), where is the average V value for 
the upper plateau of the native GM-CSF titration curve, and Y mi „ is 
the average of all mock transfection values. A least squares algorithm 
was used to calculate the a and b values for the equation Y = aX*, for 
the linear portion of the native GM-CSF titration curve. Protein 
bioactivity for GM-CSF mutants was then calculated by using the 
least squares algorithm to fit the curve to each of the mutant titration 
curves and calculate the %COS conditioned medium required for 50% 
maximal DA3 stimulation. Bioactivity was defined as 100 X the 
reciprocal of the %COS supernatant at 50% maximal stimulation. 

Relative immunoreactive protein content of each transfection su- 
pernatant was measured by volume integration of relevant bands on 
scanned exposed Phosphorlmager screens or autoradiograms (Molec- 
ular Dynamics) from iramunoprecipitation experiments. Counts from 
the mock transfection were subtracted from all other raw values to 
derive reported values. The quotient of bioactivity/protein content 
for each mutant is the specific activity used for comparison to native 
mGM-CSF. Each experiment was repeated at least twice, and the 
average values were reported. The total estimated error was approx- 
imately 5-fold, including protein quantitation and bioactivity meas- 
urements (12). 

Prokaryotic Expression— The coding regions of mGM-CSF, 
K14AE21A, and H15E21A were subcloned into the pET3A plasmid 



and expressed in the bacterial host strain BL2KDE3) pLysS (21). 0.4 
mM isopropyl-l-thio-0-D-galactopyranoside was used for induction of 
T7 RNA polymerase in exponentially growing bacteria. After 3 ad- 
ditional hours of culture at 37 W C, the cells were pelleted and resus- 
pended in lysis buffer A (50 mM Tris-HCl, 2 mM EDTA, 0.1% Triton 
X, pH 8.0). The suspension was sonicated until smooth and centri- 
fuged. The pellet was resuspended in lysis buffer B (50 mM Tris-HCl, 
50 mM NaCl, 1 mM EDTA, pH 8.0) and sonicated on ice. After 
centrifugation, the pellet was resuspended in Buffer B containing 1 
M guanidine HC1, and sonication was repeated. This step was repeated 
with Buffer B containing 5 M guanidine HC1. Following centrifuga- 
tion, the supernatant containing crude protein was harvested for 
refolding. 

Refolding was performed as previously described for IL-4 (22). 
Crude protein was diluted to a concentration of 0.5 mg/ml in buffer 
B containing 5 m guanidine HC1, containing 0.2 mM oxidized and 0.2 
mM reduced glutathione (Sigma). 9 volumes of the same solution 
containing only 0.5 M guanidine HC1 was added dropwise over 3-4 h 
at room temperature. The final solution was dialyzed against phos- 
phate-buffered saline for 48 h at 4 °C. Purification of mGM-CSF and 
mutants was performed using reverse -phase chromatography (Vydac 
C4 column) with a gradient from 30 to 55% acetonitrile in aqueous 
trifluoroacetic acid (0.1%, v/v). GM-CSF and mutants eluted as a 
single peak between 42 and 50% acetonitrile. Collected fractions were 
lyophilized and resuspended in water. Protein quantification was 
performed using UV absorbance spectroscopy at 225 nm and 215 nm, 
with bovine serum albumin standards. DA3 bioactivity assays were 
performed using 2-fold serial dilutions of purified proteins (12). The 
protein content required for 50% maximal stimulation of target cells 
was calculated as described above. 

Binding Analysis—Receptor binding analyses were performed 
using purified prokaryotic expression products. 12S I-mGM-CSF (400 
Ci/mmol) was radioiodinated using the Bolton-Hunter reagent 
(Amersham). Competitive binding assays were performed with 2 X 
10 6 acid-washed NFS60 cells using 30 pM ,25 I-mGM-CSF at 4 "C over 
a period of 5 h, and results were quantitated using the LIGAND 
binding program, which permits the resolution of multiple classes of 
binding sites and dissociation constants (23). Under these conditions, 
equilibrium is achieved, and both high and low affinity binding sites 
for mGM-CSF can be detected. 3 The F test was used to discriminate 
between a one- versus a two-site binding model (23). Values of F (and 
p) for a two-site model giving a better fit of the data than a one-site 
model were: mGM-CSF, F = 229 (p < 0.00005); K14AE21A, F = 0.95 
(p = 0.42); and H15AE21A, F = 0.22 (p = 0.81). 

RESULTS 

Alanine substitution mutants involving all hydrophilic 
amino acids from residue 11 to residue 23 were constructed, 
using an in vitro oligonucleotide -primed site-directed muta- 
genesis kit (Amersham) and expressed in COS-1 cells (12, 13). 
The relative specific activity of each mutant was calculated 
by quantitating both bioactivity and immunoreactive protein 
concentration from COS-conditioned media and comparing 
the quotient to that of native mGM-CSF. 

The relative specific activity of each mutant is listed in 
Table I. Each of the single alanine mutants retained essen- 
tially native bioactivity. However, five mutants with two 
alanine substitutions had significant reductions in relative 
specific activity (defined as at least a 10- fold reduction in 
relative specific activity). These were K14AK20A (13-fold 
reduction), H15AK20A (28-fold reduction), H15AE21A (160- 
fold reduction), K20AE21A (160-fold reduction), and 
K14AE21A (400-fold reduction). As shown in Fig. 1, each of 
these mutants and native GM-CSF have three major molec- 
ular weight species corresponding to 0, 1, or 2 of the potential 
N~ linked glycosylation sites being filled. Densitometric analy- 
sis of N-linked glycosylation species showed similar distribu- 
tions for each GM-CSF mutant. Within each major species 
there are several potential O-glycosylation forms. While 
K14AK20A showed an abnormal O-linked glycosylation pat- 
tern, previous studies indicated that alterations of O-glyco- 



• 1 A. B. Shanafelt and R. A. Kastelein, unpublished observations. 
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Table I 
Mutant relative specific activity 
The results of iramunoprecipitation and bioactivity assays were 
used to compare the specific activity of each mutant to that of native 
mGM-CSF (12). Bioactivity was defined as 100 x the reciprocal of 
the % COS supernatant that resulted in 50% maximal stimulation of 
DA3 cells. Relative protein content of each transfection supernatant 
was measured by volume integration of relevant bands on scanned 
exposed Phosphorlmager screens or autpradiograms (Molecular Dy- 
namics) following unmunoprecipitatioh and electrophoresis. The quo- 
tient of bioectivity/protein content for each mutant is the specific 



Sample 


Relative specific activity 




% 


GM-CSF 


100 


RllA 


59 


K14A 


210 


M15A 


52 


E17A 


160 


K20A 


77 


E21A 


47 


RHAK14A 


86 


R11AE17A 


70 


R11AK20A 


79 


K14AH15A 


17 


K14AE17A 


56 


K14AK20A 


7.5 


K14AE21A 


0.25 


H15AE17A 


38 


H15AK20A 


3.6 


H15AE21A 


0.62 


E17AE21A 


65 


K20AE21A 


0.62 



sylation in GM-CSF do not impact upon bioactivity (13, 24). 
Since there is no evidence of significant cphfonnatiohal 
change in these five mutants as shown by normal N-linked 
glycosylation, it is likely that the decreased bioactivity is 
related to the loss of critical side chain functionality and 
interaction with the GM-CSF receptor. 

To document that decreased bioactivity in the alanine 
substitution mutants was a consequence of decreased receptor 
affinity, competitive binding analyses were performed Com- 
plementary DNAs from native mGM-CSF and mutants with 
at least 100-fold reductions in bioactivity (K14AE21A, 
H15AE21A, K20AE21A) were subcloned into the pET3A 
prokaryotic expression piasmid and expressed in the E. coliB 
strain BL21(DE3)pLysS (21). Protein products were ex- 
tracted, solubilized, refolded, and purified by reverse^phase 
HPLC. Homogeneity was documented by silver-staining of 
polyacrylamide gels and by demonstrating single peaks on 
analytical reverse-phase HPLC. K20AE21A was expressed 
poorly in this prokaryotic system and showed an aberrant 
electrophoretic migration pattern; therefore, binding analyses 
were performed only on K14AE21A and H15AE21A. Fig. 2 
shows bioactivity titration curves for native mGM-CSF, 
K14AE21A, and H15AE21A. The calculated half-maximal 
responses for each of these proteins are 160 pg/ml for GM- 
CSF (relative specific activity » 100%), 21 ng/ml for 
K14AE21A (relative specific activity » 0.76%), and 23 ng/ml 
for H15AE21A (relative specific activity » 0.70%). 

Competitive binding (Fig. 3) of purified mGM-CSF (versus 
,2S I-mGM-CSF) exhibited^ two affinity sites, one of 7.5 nM 
and the other of 58 pM, reflecting the formation of the low 
affinity receptor (GM-CSF/GM-CSF receptor a) and the high 
affinity receptor complex (GM-CSF/GM-CSF receptor a plus 
0), respectively (23, 25). Both double mutants had only one 
binding site, K14AE21A having a dissociation constant of 5.0 
nM and H15AE21A having a 10-fold lower dissociation con- 
stant of 62 nM. The binding affinity of these two double 
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FiG. 1. Mutant electrophor^is. Muri GM-CSF and mutants 
were expressed in COS-1 cells, Immunoreactive protein was precipi- 
tated from metabolically ^S-labeled G0S-l-concUtioned media with 
polyclonal rabbit anti-murme 

polyacrylamide gel (12). The gel was vacuum-dried, and autoradiog- 
raphy was performed. Molecular weight standards are listed on the 
left (Bethesda Research laboratories). Mwi v m transfection; GM- 
CSF, granulocyte-macrophage colony-stimulating factor; mutants are 
identified by single initial abbreviations. Arrowheads identify major 
/V'-iinked glycosylation species. The ratio of each ivMinked glycosyl- 
ation species for each mutant is (2N:1N:0N): mGM-CSF « 
0.42:1.0:0.58, K14AK20A « 0.47:1.0*148, H15AK20A» 0.70:l.(h0.31, 
K14AE21A « 0.41:1.0:0.38, H15AE21A = 0.65:1.0:0.27, K20AE21A = 
0.49:1.0:0.41. 
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FiC. 2. Mutant bioactivity. The coding regions of mGM-CSF, 
K14AE21A, and H15E21A were subcloned into the pET3A piasmid, 
expressed in the bacterial host strain BL21(DE3)pLysS (21), and 
purified to homogeneity using reverse-phase HPLC. [ 3 H)Thymidine 
incorporation, reflecting DNA synthesis by the DA3 cell line (20), is 
presented graphically for each mutant and native mGM-CSF. 



Requirement of Amino-terminal Residues for GM-CSF Activity 



14269 



6? 

§ 




[competitor], M 

Fig. 3. Competitive binding of double mutants K14AE21A 
and H15AE21A. Competitive binding assays were performed with 
2 x 10 6 acid-washed NFS60 cells using 30 pM ,25 I-mGM.CSF. Both 
high and low affinity binding sites for mGM-CSF were detected. 
mGM-CSF (O), JO-high = 58 pM (CV = 6%) and tf d -low = 7.5 nM 
(CV = 20%); K14AE21A (•), IQ = 5.0 nM (CV = 6%); H15AE21A 
(■), K d = 62 nM (CV = 3%). 

mutants has therefore been reduced at least 100- to 1000-fold, 
suggesting that this defect in binding is responsible for their 
loss of bioactivity. 

DISCUSSION 

The aim of these studies was to identify amino acid residues 
near the amino terminus of mGM-CSF that are necessary for 
cell surface receptor interaction and bioactivity. A multistep 
process was undertaken to screen alanine substitution mu- 
tants. Mutants were first selected based upon a loss of bioac- 
tivity and preservation of conformational integrity as defined 
by analysis of N-linked glycosylation. Finally, receptor-bind- 
ing analysis was performed on the prokaryotic expression 
products of two mutants which had the greatest loss in bioac- 
tivity and a normal glycosylation pattern. Both K14AE21A 
and H15AE21A exhibited only a single binding site of low (5 
and 62 nM, respectively) affinity. This represents a decrease 
of the (high affinity) dissociation constant of 100- to 1000- 
fold, indicating that the hydrophilic side chains of Lys-14, 
Hi8-15, and Glu-21 are necessary for receptor binding and 
maximal bioactivity. It is interesting that H15AE21A has a 
dissociation constant 10-fold lower than K14AE21A, but has 
equivalent bioactivity; this paradox can be resolved only 
through further dissection of all of the components of the 
receptor/ligand complex. However, since the greatest reduc- 
tions in specific activity are observed with double alanine 



substitutions involving Glu-21, it is possible that this charged 
residue, in conjunction with Lys-14 and His-15, forms a 
dominant site of receptor-ligand interaction. The crystal 
structure of human GM-CSF has recently been reported (26). 
Consistent with prior predictions (7, 8, 16), an amino-terminal 
a-helix is present between residues 13 and 28. In this model, 
the side chains of Glu-14 and Glu-21 are exposed to solvent 
and comprise part of a putative receptor-binding site. The 
functional data presented here are consistent with these crys- 
tallographic findings, suggesting structural homology between 
murine and human GM-CSF in this region. Our work and the 
work of others have identified multiple regions of GM-CSF 
as being necessary for receptor binding, bioactivity, and spe- 
cies specificity (5, 6, 8-12, 14, 15); the present study defines 
the side chains in the amino-terminal a-helix that are critical 
for bioactivity. 
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The high affinity receptor of the cytokine granulo- 
cyte-macrophage colony-stimulating factor (GM-CSF) 
is a heterodimer composed of two members of the cy- 
tokine receptor superfamily. GM-CSF binds to the a- 
subunit (GM-Ra) with low affinity and to the receptor 
a0 complex (GM-Ra0) with high affinity. The GM- 
CSF -GM-Ra^ complex is responsible for biological ac- 
tivity. Interactions of the N- terminal helix of mouse 
GM-CSF with mGM-Ra/? were examined by introduc- 
ing single alanine substitutions of hydrophilic residues 
in this region of mGM-CSF. The consequences of these 
substitutions were evaluated by receptor binding and 
biological assays. Although all mutant proteins exhib- 
ited near wild-type biological activity, most were de- 
fective in high affinity receptor binding. In particular, 
substitution of Glu-21 with alanine abrogated high 
affinity binding leaving low affinity binding unaf- 
fected. Despite near wild-type biological activity, no 
detectable binding interaction of this mutant with 
mGM-R0 in the context of mGM-Ra/5 was observed. 
Cross-linking studies showed an apparent interaction 
of this mutant protein with mGM-Ra£. The deficient 
receptor binding characteristics and near wild-type 
biological activity of this mutant protein demonstrate 
that mGM-CSF receptor activation can occur inde- 
pendently of high affinity binding, suggesting that con- 
formational changes in the receptor induced by mGM- 
CSF binding generate an active ligand-receptor com- 
plex. 



Granulocyte-macrophage colony-stimulating factor (GM- 
CSF) 1 is a cytokine that stimulates the growth and differen- 
tiation of several cell types of the hematopoietic system (1, 
2). The cDNAs encoding the receptors for both human and 
mouse GM-CSF have been cloned and characterized (3-6); 
both receptors are heterodimers composed of subunits belong- 
ing to the cytokine receptor superfamily (7, 8). The a-subunit 
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1 The abbreviations used are: GM-CSF, granulocyte- macrophage 
colony-stimulating factor; mGM-CSF, mouse GM-CSF; GM-Rar; 
GM-CSF receptor a-subunit; GM-R0, GM-CSF receptor 0-subunit; 
GM-Ra0, GM-CSF high affinity receptor; GH, growth hormone; 
hGH, human growth hormone; GH-R, growth hormone receptor; 
IL-2, -3, -4, and -6, interleukins 2, 3, 4, and 6; Epo, erythropoietin; 
HPLC, high-performance liquid chromatography; BS 3 , bis(sul- 
fosuccinimidyDsuberate. 



(GM-Ra) binds GM-CSF with low affinity {K 4 ~5 X 10" 9 M), 
whereas the complex of GM-Ra and GM-R0 forms the high 
affinity receptor (GM-Raft K d ~5 x 10** 11 m) (4, 5, 9). Al- 
though GM-R0 does not bind GM-CSF in the absence of GM- 
Ra, GM-CSF does interact directly with GM-R0 in the con- 
text of the high affinity GM-Raj8 complex (10); formation of 
this complex containing GM-CSF is required for cellular 
signaling (4, 11). 

The structures of human GM-CSF (12), human interleukin 
4 (IL-4) (13, 14), and porcine growth hormone (GH) (15) have 
revealed a unique 4 a- helical bundle topology common to 
these cytokines. It is likely that mouse GM-CSF (mGM-CSF) 
is also a member of this structural family. Previous work has 
shown that residues in the N-terminal helix of GM-CSF are 
involved in high affinity binding to GM-RajS (10, 16, 17).. We 
sought to determine the contribution of individual residues in 
this helix of mGM-CSF to mGM-Ra/8 interaction. Mutant 
mGM-CSF proteins containing single alanine substitutions 
in the N-terminal helix exhibited near wild-type biological 
activity, but showed various defects in mGM-Rot0 binding. 
The mutation Glu-21 to alanine in mGM-CSF abrogated high 
affinity binding and binding interactions with mGM-R0 in 
the ligand-mGM-Raj? complex. The near wild-type activity 
of this mutant suggests that mGM-CSF receptor activation 
leading to cellular signaling can occur in the absence of high 
affinity ligand binding. Our findings suggest that activation 
of mGM-R«0 may be induced by mGM-CSF binding to mGM- 
Ra via mGM-Ra to mGM-R/3 interactions, while high affinity 
binding complements this process to generate a fully active 
mGM-CSF * mGM-Ra/5 complex. 

MATERIALS AND METHODS 

Bacterial Host Strains and Vectors— The Escherichia coli K12 
strain JM101 (18) was used as host for the propagation and mainte- 
nance of Ml 3 DNA. CJ236 (19) was used to prepare uracil-DNA for 
use in site-directed mutagenesis. AB1899 (20) was used as the host 
for expression of wild-type and mutant human and mouse GM-CSF 
proteins. pINIIIompH3 (21) was used as the expression vector for all 
GM-CSF genes. Elsewhere, we have described the expression of 
biologically active, mature GM-CSF with this E. coli secretory expres- 
sion system (22). 

Mutagenesis, Recombinant DNA, and Sequencing Protocols— Site- 
directed mutagenesis followed the protocol described by Kunkel et al 
(19). Individual clones were sequenced using the dideoxynucleotide 
method (23) with modifications described in the Sequenase™ (U. S. 
Biochemical) protocol. M13 (replicative form) DNA containing cor- 
rect mutations was cleaved with Xbal and BamHI (New England 
Biolabs) for cloning into pINIIIompH3. 

Preparation and Quantitation of Protein Extracts— Expression and 
quantitation of mutant proteins is described elsewhere (24). Briefly, 
all mutant proteins were produced in E. coli AB1899, and periplasmic 
extracts were prepared by osmotic shock (25). The specific activity of 
osmotic shock extracts varied <10% for a given mutant in multiple 
assays performed over several months* time. The amount of mutant 
polypeptide produced was determined using quantitative immunoslot 
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blotting (24). The error in the calculated concentration of GM-CSF 
protein by this method was estimated to be 2-fold based on repetitive 
protein samples. 

Mutant protein E21A was prepared to >98% purity (assessed by 
HPLC) from osmotic shock extracts (24) by affinity chromatography 
using agarose-coupled (AminoLink™, Pierce Chemical Co.) anti- 
mGM-CSF monoclonal antibody 35E10 (kindly provided by M. 
Pearce, DNAX Research Institute), followed by HPLC using a H 2 0/ 
acetonitrile gradient containing 0.1% trifluoroacetic acid using a Hi- 
Pore™ reversed-phase column (Bio-Rad). Purified E21A concentra- 
tion was assessed by the absorption difference between 215 and 225 
nm (26) compared' to a purified mGM-CSF standard. 

Biological Assays for Mouse GM-CSF Activity— Protein extracts 
were assayed using the mouse GM-CSF-dependent myeloid leukemia 
cell line NFS60. Sample concentrations were adjusted to 4000 pg/ml 
and titrated in quadruplicate to 0.02 pg/ml. The 3-(4,5-dimethylthia- 
zol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma) assay described by 
Mosmann (27) was used to measure the extent of proliferation, and 
absorbance values were read with a kinetic microplate reader 
(Molecular Devices). The concentration of each mutant and wild- 
type mGM-CSF protein that gave a 50% maximum response was 
determined using the Softmax program (Molecular Devices). The 
percent activity relative to wild-type mGM-CSF was calculated by 
the ratio of mGM-CSF EC w /mutant EC» x 100%. 

Purified mGM-CSF and E21A were tested in in vitro mouse whole 
bone marrow colony-forming unit, culture, assays as previously de- 
scribed (28). Seven-day colony counts in methyl cellulose were made 
for the combinations of mouse IL-3 (300 units/ml final; specific 
activity « 1 x 10 7 units/mg) + mouse IL-6 (250 units/ml final; 
specific activity = 5 x 10* units/mg) + mouse erythropoietin (Epo, 1 
unit/ml final; purchased from Amgen); mGM-CSF (10 ng/ml final) 
+ mouse Epo; and E21A (75 ng/ml final) + mouse Epo. Day 7 
megakaryocyte colonies and eosinophil colonies in agar were done in 
the presence of mouse IL-3 + mouse IL-6; mouse IL-3 + mGM-CSF; 
and mouse IL-3 + E21 A. The concentrations of mGM-CSF and E21 A 
were chosen to give a maximal response based on the NFS60 prolif- 
eration assay. Assays were performed in triplicate. 

Binding Assays of mGM-CSF Mutant Proteins— M43 was purified 
and labeled with m I as previously described (10). Mouse GM-CSF 
(obtained from Schering-Plough) was labeled with 125 I using the 
Bolton and Hunter reagent ( Amersham; specific activity ~350-400Ci/ 
mmol). 3E6 (10) is an NFS60 cell line transfected with the human 
GM-Ra component (3). Binding assays were performed as follows: 
for competitive binding assays, NFS60 and 3E6 cells (maintained in 
mGM-CSF) were harvested and incubated with 1 ml of ice-cold 10 
mM NaP0 4 , 150 mM NaCl, pH 3.0, for 2 min, diluted to 50 ml with 
10 mM NaP0 4 , 150 mM NaCl, pH 7.0, centrifuged, and finally resus- 
pended in 1 x Hanks' balanced salts solution (GIBCO-Bethesda 
Research Laboratories) containing 0.1% bovine serum albumin, 
0.02% NaN 3 , and 10 mM Hepes, pH 7.5 (HBAH buffer). 2 X 10 G cells 
in 200-/il HBAH buffer were incubated with decreasing concentra- 
tions of unlabeled competitor in the presence of 30 pM 12B I-mGM- 
CSF or 10 pM m I-M43 (specific activity, 400 Ci/mmol) at 4 °C with 
continuous agitation for 4 h. Nonspecific binding was determined by 
including unlabeled mGM-CSF or M43 as appropriate at a concen- 
tration of 200 nM. Cell bound radioactivity was separated from free 
ligand by centrifugation at 4 *C (4 min, 12,000 X g) through dioctyl- 
phthalate:dibutylphthalate (2:3), and bound and total radioactivity 
was measured with a Cobra 5010 7-counter (Packard). The equilib- 
rium binding data were analyzed using the Ligand program (29). 

Scatchard analysis was performed as described above, except that 
NFS60 cells were used at 1 x 10* cells/point with decreasing concen- 
trations of m I-mGM-CSF, or 1 x 10 6 and 5 x 10 6 cells/point with 
decreasing concentrations of 12$ I-E2lA (labeled with the Bolton and 
Hunter reagent (Amersham); specific activity, 1100 Ci/mmol) in 
quadruplicate. Nonspecific binding was assessed by including 1 nM 
mGM-CSF or E21A as appropriate. 

Cross-linking of ™I-mGM-CSF and l2S I-E2lA to the mGM-CSF 
Receptor— 2 nM labeled ligand ( m I-mGM-CSF, lanes l t 3, 5, and 7; 
12a I-E21A, lanes 2, 4, 6, and 8) was incubated with 2 X 10 s NFS60 
cells or 3E6 cells (maintained in human GM-CSF) for 4 h at 4 *C in 
HBAH buffer with {lanes 1, 2, 5, and 6) or without (lanes 3, 4, 7, and 
8) 1 am of the appropriate cold ligand. The cells were spun and 
treated with either BS 3 (lanes 1-4; Pierce Chemical Co.) under 
conditions described in Ref. 9 or with 200 l-ethyl-3-(3-diethylam- 
inopropyl)carbodiimide, 1 mM sulfo-iV-hydroxysuccinimide (lanes 5- 
8; Pierce Chemical Co.) in phosphate-buffered saline, pH 7.0, for 1 h 
at 23 *C. After exposure to cross-linking agent, cells were prepared 



for sodium dodecyl sulfate -polyacrylamide gel electrophoresis (30) as 
in Ref. 9, with equal counts per sample loaded and resolved on 8% 
gels. Dried gels were exposed to phosphorimaging screens for 3-4 
days and developed using a Molecular Dynamics Phosphorimager. 

RESULTS 

Biological Response of mGM-CSF Mutant Proteins— Single 
alanine substitutions were introduced in the N-terminal helix 
of mGM-CSF by site-directed mutagenesis (19), replacing 
Lys-14 (mutant protein K14A), His-15 (H15A), Glu-17 
(E17A), Lys-20 (K20A), and Glu-21 (E21A). mGM-CSF mu- 
tant protein was produced in E. coli and quantitated as 
previously described (24). Biological activity was considered 
a function of the ECw of each protein and was determined by 
proliferation of the mGM-CSF responsive mouse myeloid cell 
line NFS60 (Fig. 1). Proteins K14A, E17A, and K20A exhib- 
ited biological activity equal to or greater than wild-type 
mGM-CSF; proteins H15A and E21A exhibited at most a 3- 
fold reduction in biological activity, with no apparent change 
in the magnitude of the plateau. E21A mutant protein purified 
from E. coli extracts (>98% pure) was 29% as active as wild- 
type mGM-CSF (with respect to the ECso) on NFS60 cells. 
Purified E21A also was tested in in vitro mouse bone marrow 
colony forming assays (28); saturating concentrations of E21A 
and wild-type mGM-CSF (based on the NFS60 assay) gave 
comparable values of both colony number and type (Table I). 

Competitive Receptor Binding of mGM-CSF Mutant Pro- 
teins—The effects of amino acid substitutions on the ability 
of mGM-CSF to bind to mGM-Ra£ was assessed by compe- 
tition binding assays using NFS60 cells. 126 I-mGM-CSF was 
used at a constant concentration of 3.0 x 10" 11 M in the 
presence of various concentrations of unlabeled mGM-CSF 
or mutant protein extracts (Fig. 2). The receptor binding data 
obtained was analyzed using the Ligand program (29). Under 
these conditions, binding at both the low and high affinity 
sites for mGM-CSF on NFS60 cells was detected (Table II). 

The amino acid residue substituted in a mutant protein 
that exhibited altered low affinity binding was considered to 
affect interactions, whether directly or indirectly, with mGM- 
Ror. Amino acid residues His-15 and Lys-20 were included in 
this class (Table II, mutant proteins H15A and K20A, respec- 
tively). High affinity binding of mGM-CSF to mGM-Ra/3 is 
dependent on binding of mGM-CSF to mGM-Ra. Therefore, 
a decrease in affinity for mGM-Ra alone would cause a similar 
decrease in affinity for the high affinity mGM-Ra/? complex. 
The absolute value for the high affinity K* thus may not 




concentration, M 

Fig. 1. Biological activity of wild- type and mutant mGM- 
CSF proteins. Proliferation of NFS60 cells in response to mGM- 
CSF (•) and mutant proteins K14A (A), H15A (□), E17A (A), K20A 
(■), and E21A (O) was measured using the 3-(4,5«dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide assay (27). Percent activities for 
the mutant proteins relative to the ECeo of wild-type mGM-CSF were 
140% for K14A, 64% for H15A, 550% for E17A, 210% for K20A, and 
42% for E21A (mGM-CSF = 100%; EC W = 0.64 pM, standard devia- 
tion » 0.25 pM over replicate experiments). 
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Table I 

Whole bone marrow colony-forming writs (culture) assay of mGM-CSF and E21A 



Cytokines* 








Day 7 colonies in methyl cellulose 0 




GM 


M 


G 


BFU-e 


Mega m-mixed e-mixed 


Total 


IL-3 + IL-6 + Epo 
mGM + Epo 
E21A + Epo 


198 ±38 
136 ± 37 
144 ±29 


61 ±18 
112 ± 32 
127 ±7 


87 ±6 
46 ± 11 
45 ±2 


11 ±3 
4±1 
9±2 


13 ±4 8±4 19 ±2 

0 0 1 ± 0.6 
0 ± 0.6 0 1 ± 0.6 


398 ± 46 
298 ± 76 
325 ± 20 


Cytokines* 










Day 7 colonies in agar" 








Mega colonies 


Eosinophil colonies 




IL-3 + IL-6 

mGM 

E21A 








20 ±3 
4±1 
6±2 


13 ±7 

10 ±2 

11 ±3 





"Assays were performed as described (28). Abbreviations: GM, granulocyte and macrophage colonies; M, macrophage colonies; G, 
granulocyte colonies; BFU-e, burst forming unit, erythroid; Mega, megakaryocyte colonies; m-mixed, mixed megakaryocyte colonies; e-mixed, 
mixed erythroid colonies. Values have error indicated at ±1 S.D. 

* Cytokines used: mouse IL-3, 300 units/ml; mouse IL-6, 250 units/ml; Epo, 1 unit/ml mouse erythropoietin; mGM, 10 ng/ml mouse GM- 
CSF; E21A, 75 ng/ml. 




[competitor], M 

FiG. 2. Competitive binding of mutant and wild-type mGM- 
CSF proteins. Competition of 126 I-mGM-CSF on NFS60 cells by 
mGM-CSF (•), mutant K14A (A), H15A (□), E17A (A), K20A (■), 
and E21A (O). Assays were performed in triplicate with a constant 
concentration of 3.0 X 10" u M m I-mGM-CSF. Under these condi- 
tions, both high and low affinity sites were detected using the Ligand 
program (29). 

accurately represent the binding contribution due to mGM- 
CSF interaction with mGM-R0 in the mGM-Ra0 complex. 
Effects on the interaction between mGM-CSF and mGM-Rjft 
in this context are therefore probably best described by the 
relative difference between low and high affinity binding 
constants. We chose to represent this difference as a change 
in the free energy, or A(AG), between the two binding states 
(Table II). On this basis, interactions with mGM-R/? were 
affected by alanine substitution of Lys-14, Lys-20, and Glu- 
21, but not by alanine substitution of His-15. Interestingly, 
changing Lys-20 to alanine appears to affect binding inter- 
actions with both GM-Ra and GM-R/8 (Table II, K20A low 
affinity K d and A(AG), respectively). No binding defects were 
observed with the Glu-17 to alanine substitution (protein 
E17A). 

Dissociation of mGM-Rfl Binding from mGM-RaP—ln con- 
trast to the other mutant proteins examined, E21A competed 
126 I-mGM-CSF for only a single class of binding sites on 
NFS60 cells (Table II). The affinity of E21A for these sites 
suggests that binding is to mGM-Ra; competition under con- 
ditions that detected only mGM-Ra binding (2 nM 12S I-mGM- 
CSF) also gave an equivalent affinity for E21A (data not 
shown). These observations were confirmed by receptor bind- 
ing experiments using m I-E2lA (displayed in Fig. 3 as a 
Scatchard plot). Two binding sites were statistically signifi- 
cant for wild-type mGM-CSF (Fig. 3A; F = 78.9 (p = 0.0000) 
for a one- versus a two-site fit); the mean 1C values were 26 



Table II 

Equilibrium binding constants and free energy contributions to high 
affinity binding of wild- type and mutant mGM-CSF proteins 



Protein 


Low 


High 






nM 


pM 


kJ/md 


mGM-CSF 


5.9 


35 


-11.8 


K14A 


3.8 


180 


-7.0 


H15A< 


77 


450 


-11.9 


E17A 


1.9 


10 


-12.1 


K20A C 


23 


680 


-8.1 


E21A C 


2.4 


j 


0 



0 Low and high refer to the low affinity and high affinity binding 
states as referred to in the text. Values were calculated using the 
Ligand program (29); the percent expression of the coefficient of 
variation (%CV, as described (29)) varied from 7 to 25% for the low 
affinity site and 9-12% for the high affinity site. The Kt values shown 
are from the statistically most reliable experiments. The low and high 
affinity i& for mGM-CSF varied from 5.2 to 10.2 nM and 34 to 57 
pM, respectively, in repetitive experiments. 

'The difference in free energy (A(AG)) quantitatively describes 
variations between the low and high affinity binding states. Since 
AG = -RT InK, it follows that (AGhigb,ffioity*ato — AGiow.ffimty.utt) = 
A(AG) = -RT Indd-km/KMUgh); comparison of this value for each 
mutant protein with that of wild-type mGM-CSF indicates the pos- 
sible contribution of each residue to specifically mGM-R0 interac- 
tions in the context of mGM-Ra/?. 

c Values for the IQ for low affinity binding for these mutant proteins 
was confirmed by competition binding assays using 2 nM m I-mGM- 
CSF. Under these conditions only low affinity binding sites can be 
detected on NFS60 cells (data not shown). 

d Only a single, low affinity binding site was found to be statistically 
significant using the Ligand program (F = 6.97 (p = 0.011) for a one- 
versus a two-site fit) (29). 

pM (coefficient of variation (CV) = 22%; 240 sites/cell) and 
2.7 nM (CV = 46%; 4,000 sites/cell). In contrast, E21A exhib- 
ited only a single class of binding sites having a mean K d 
value of 1.7 nM (Fig. 3B; CV - 26%, 3200 sites/cell). A two- 
site fit of the receptor binding data for 126 I-E21A was not 
statistically significant (F = 2.24 (p = 0.14) for a one- versus 
a two-site fit). Based on the affinity and the number of binding 
sites, E21A appears to bind to only mGM-Ra. This suggested 
that E21A had lost its ability to interact with mGM-RjS. 

To rule out the possibility that a weak interaction between 
E21 A and mGM-R0 was being masked by low affinity binding 
to mGM-Ra, a strategy was developed that allowed analysis 
of high affinity binding without interference from the low 
affinity binding site. The cell line used, 3E6 (10), is an NFS60 
transfectant that in addition to having endogenous mGM- 
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Specific Bound, pM Specific Bound, pM 

FIG. 3. Scatchard analysis of mGM-CSF and E21A binding to KFS60 cells. Representative experiments of 125 I-mGM-CSF (A) or 
125 I-E21A (B) receptor binding to NFS60 cells. Five times more cells were used per data point for 12S I-E21A than for l25 I-mGM-CSF; the y- 
axis has been scaled such that the Scatchard transformations can be compared. Dashed lines represent the best fit values obtained from the 
Ligand program (29) for these experiments; Id and binding site values were calculated by combining data from separate experiments. For 
mGM-CSF, both low and high affinity binding sites were detected, having mean Kt values of 2.7 nM (4000 sites/cell) and 26 pM (240 sites/ 
cell), respectively (for a one- versus a two-site fit, F « 78.9 (p = 0.0000)). E21A exhibited only a single class of binding sites with a mean K* 
of 1.7 nM (3200 sites/cell); a two-site fit was not statistically better than a one-site fit (F = 2.24, (p = 0.14)). Insets, the equilibrium binding 
isotherm (total bound (O), specific bound (•), and nonspecific bound (A) ,25 I-mGM-CSF or I25 I-E21A) for the respective Scatchard plots are 
shown. The specific activity for 1M I-E21A was some 3-fold higher than 12S I -mGM-CSF; this, combined with the increased number of cells 
used for 128 I-E21A in this experiment, accounts for the higher absolute number of cpm bound for m I-E2lA at comparable concentrations to 
125 I-mGM-CSF. 




[competitor], M 

Fig. 4. Isolation mGM-CSF to mGM-R0 interactions. Com- 
petition of 126 I-M43 on 3E6 cells by M43 (■) (24), mGM-CSF (•), 
and E21A (O). Assays were performed in triplicate with a constant 
concentration of 1.0 x 10~" M 125 I-M43, and the receptor binding 
data was analyzed with the Ligand program (29). M43 competes for 
both high and low affinity sites, while mGM-CSF competes for only 
the high affinity sites against 1Z5 I-M43; E21A is unable to compete 
for any site. Competition of only the high affinity binding site of 126 I- 
M43 by mGM-CSF was observed in separate experiments. 3E6 (10) 
is an NFS60 cell line transfected with the human GM-Rcr component 
(3); M43 is a mouse/human GM-CSF hybrid protein consisting of 
the N-terminal 43 residues of mGM-CSF fused to the C-terminal 84 
residues of hGM-CSF. 

RaP also expresses the low affinity component of the human 
GM-CSF receptor (hGM-Ra) (3). M43 (24) is a mouse/human 
GM-CSF hybrid protein consisting of the N-terminal 43 
residues of mGM-CSF fused to the C-terminal 85 residues of 
hGM-CSF. M43 binds to 3E6 with both low and high affinity, 
utilizing hGM-Ra for low affinity binding, and hGM-Ra 
together with mGM-RjS for high affinity binding (10). Mouse 
GM-CSF competes specifically only for high affinity binding 
sites versus l25 I-M43 on 3E6 cells by forming high affinity 
complexes consisting of mGM-CSF ■ mGM-Raft binding of 
125 I-M43 to hGM-Ra is unaffected (10). 

Fig. 4 displays the results of a competitive binding assay on 



3E6 cells using 125 I-M43. M43 is able to compete for both high 
and low affinity sites with mean K d values of 22 pM (CV - 
37%) and 3.0 nM (CV = 9%), respectively; mGM-CSF is able 
to compete only for the high affinity site with a mean K* of 
40 pM (CV = 40%) and shows no evidence of a second, low 
affinity site. E21A shows no evidence of competition for any 
site to a concentration of 2 ^M, some 10 B -fold higher than the 
wild-type K d for high affinity binding. Since the affinity of 
this mutant protein for mGM-Ra appears to be unaffected 
(Table II), this single amino acid substitution apparently 
abrogates specifically the binding interactions of E21A with 
mGM-R0 in the context of mGM-Ra/?. 

Cross-linking of m I-E2IA and 125 I-mGM~CSF- The asso- 
ciation of E21A with mGM-Ra0 was demonstrated by cross- 
linking 125 I-E21A (and 126 I-mGM-CSF) with the membrane 
impermeable form of disuccinimydal suberate, BS 3 (Fig. 5, 
lanes 1-4), or with l-ethyl-3-(3-diethylaminopropyl)- 
carbodiimide (Fig. 5, lanes 5-8) to specific cell surface proteins 
on mGM-CSF-responsive cell lines. Using NFS60 cells in the 
presence of 2 nM 125 I- mGM-CSF, a specific band at the 
expected molecular weight of ~150 kDa for an 125 I-mGM- 
CSF-rnGM-R/S complex (6, 31) was observed with both BS 3 
and l-ethyl-3-(3-diethylaminopropyl)carbodiimide (Fig. 5A, 
lane 3, and faintly in lane 7, respectively). This band is not 
evident using 125 I-E21A (Fig. 5A, lanes 4 and S). Identical 
results were obtained using 3E6 cells maintained in mGM- 
CSF (data not shown). However, the number of high affinity 
receptors (mGM-Rafr and by implication mGM-Rjft) ex- 
pressed on NFS60 cells is only about 240 per cell (Fig. 3). The 
low affinity of 12fl I-E21A for mGM-Ra/? may preclude detec- 
tion of 126 I-E21AmGM-R0 complexes. The cell line 3E6 can 
be maintained in human GM-CSF; 3E6 cells so maintained 
express —10-fold more high affinity mGM-CSF receptors than 
3E6 cells maintained in mGM-CSF or NFS60 cells (data not 
shown). Using 3E6 cells maintained in human GM-CSF, the 
putative 125 I- mGM-CSF • mGM-R0 complex appears as a more 
prominent band than with NFS60 cells (Fig. 5B, lanes 3 and 
7). A band of comparable size is also seen with ,2ft I-E2lA 
(lanes 4 and 8), suggesting the formation of an 125 I-E2lA- 
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Fig. 5. Cross-linking of l2 *I-mGM-CSF and l2e I-E21A to 
cell surface specific receptors. The products of N-hydroxysucci- 
nimide- mediated (lanes 1*4) or carbodiimide-mediated (lanes 5-4) 
cross linking of ^mGM-CSF and lSfi I-E21A were resolved by 8% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. ^I-mGM- 
CSF (lanes 1, 5, 5, and 7) or 125 i-E2lA {lanes 2, 4 t 6. and 8) was 
incubated with NFS60 cells or 3E6 cells (maintained in human GM- 
CSF) with (lanes /, 2, 5, and 6) or without (lanes 3, 4, 7, and S) 1 jiiA 
of the respective cold ligand. A, cross-linking to NFS60 cells; B, cross- 
linking to 3E6 cells maintained in human GM-CSF. Arrows at ^itO 
kDa indicate formation of the putative mGM-R/3-ligand complex; 
molecular mass markers are indicated at left. A specific band possibly 
corresponding to a mGM-Ra-ligand complex (-85 kDa, indicated by 
the lower arrow) was observed under carbodiimide mediated cross- 
linking conditions with l25 I-mGM-CSF and l25 I-E21A on 3E6 cells 
maintained in human GM-CSF (B> lanes 7 and 8). 

mGM-R0 complex. This suggests that E21A is proximal to 
mGM-R/9 when tt binds to receptors on NFS60 cells. Since 
mGM-R0 alone has no detectable affinity for mGM-CSF, 
cross-linking of l ^I-ESlA to mGM-R£ likely occurs through. 
E21A interaction with mGMiRafi. 

DISCUSSION 

Replacement of Glu-21 by alanine in mGM-CSF yielded a 
mutant protein, E21A, that had no high affinity binding nor 
detectable binding interaction with mGM-Rfr yet was found 
to be in close proximity to mGM-R0 by cross-linking studies 
in the context of mGM-Ra/3. Strikingly, E21A had near wild- 
type mGM-CSF activity in stimulating the proliferation of 
responsive cell lines and inducing colony formation in in vitro 
whole bone marrow colony-forming assays. These results 
show that mGM-CSF receptor activation can occur in the 
absence of high affinity binding and independently of normal 
ligand binding interactions with mGM-R0 in the context of 
mGM-Ra#. This suggests that receptor activation can be 
induced by inGM-CSF interaction only with mGM-R# in the 
mGM-Ra0 complex, and thus it is functionally independent 
of high affinity binding. 

The crystal co-structure of human growth hormone (hGH), 
and its receptor (GH-R) has been solved (32). Interaction of 
hGH with its receptor occurs at two different regions of the 
hormone: site I interactions occur primarily through helix 4 
of hGH with one GH-R subunit of the (GH-Rji homodimer, 
and site II interactions occur principally through helix 1 of 
hGH with the second GH-R subunit (32, 33). The interaction 
of GM-CSF with GM-R0 in the context of GM-R«£ (10, 16) 
appears to be similar to the site II interactions of GH and 
GH-R. The GH-R and GM-Ra0 subunits are members of the 



same cytokine receptor family (8); therefore it seems likely 
that the structure of GM-Ra^ resembles (GH-R)* Assuming 
that this assumption is correct, a model of the GM-CSF- 
mGM-Ra£ complex can be proposed (Fig. 6). Helix 1 of GM- 
CSF is shown in contact with GM-R0. Following the topolog- 
ical pattern of the GH/(GH-R) 2 crystal structure, helix 4 of 
mGM-CSF is shown binding to GM-Ra analogous to GH and 
GH-R site I interactions (32, 33) (Fig. 6A). The residues of 
mGM-CSF that we have found to affect mGM-Ra/3 interac- 
tions are shown in their approximate position on the helix 1 
backbone (Fig. 6B). 

Competitive binding studies with each of these mutant 
proteins indicated that each substitution affected interactions 
with the subunits of mGM-Ro#. Changes in binding affinities 
due to mutational changes in a ligand can arise from direct 
or indirect effects (e^. perturbations to the polypeptide back- 
bone); in the absence of definitive structural information, 
absolute conclusions cannot be made. The high resolution 
crystal structure of human GM-CSF gives some insight into 
possible consequences of these mutations (12), and indicates 
the likely location of these residues on the helix 1 backbone 
(Fig. 6B). Substitution of Lys-14, Lys-20, and Glu-21 each 
affected interactions with mGM-R/?. Each is located on the 
exterior of helix 1; given the structural similarities of GM- 
CSF and GH, these; residues are situated for possible direct 
interactions with mGM-R0 (fig. 6B). Substitution of Lys-20 
with alanine produced a mutant protein that also affected 
mGM-Rcr interactions. It is unclear from this study how this 
mutation can independently affect binding of the ligand with 
both receptor subunits. The substitution of His-15 affected 
mGM-Ra binding and did not alter mGM-R0 interactions 
(unchanged A(AG) versus mGM-CSF, Table II). His-15 is 
buried in the core of the helical bundle in the crystal structure 
of hGM-CSF (12). Replacement of this residue by alanine 
may produce packing defects that indirectly deform the mGM- 
Ror binding site, leaving the backbone structure of helix 1 
intact. Further studies are needed to define the exact role that 
each of these residues plays in mGM-R«0 interactions. Ah 
though Glu-17 is on the same surface of helix 1 as Lys-14 and 
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Fig. 6. Representation of GM-CSF to GM-Ra/J structural 
interactions. A, the GM-CSF ligand/receptor complex is shown 
based on the GH/GH-R cocrystal structure (32). The topology of the 
four helices of GM-CSF (circles, labeled 1 to 4) reflect a cross-section 
of the hGM-CSF crystal structure (12). Interactions of GM-CSF with 
GM-R# occur through helix 1 (10), similar to site II interactions in 
the GH (GH-R)j complex (33). Analogous to site I GH to (GH-R)» 
interactions, it was assumed that helix 4 of GM-CSF is involved in 
mGM-Ra binding. B, residues of mGM-CSF found in this study to 
be important to mGM-Rajff interactions are placed in their relative 
locations along the helix 1 backbone. Replacement of Glu-21 by 
alanine resulted in the complete loss of ligand to GM-R0 binding 
interactions in the context of GM-Rafr and is highlighted to reflect 
this observation. 
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Glu-21, its replacement by alanine had no effect on mGM-R0 
interactions. 

No high affinity binding was observed for E21A even though 
binding to mGM-Ra was unaffected (Figs. 2 and 3B); direct 
interaction with mGM-R0 in the context of mGM-Ra0 was 
apparently eliminated (Fig. 4). Surprisingly, only a modest 
decrease in biological activity was observed as a consequence 
of this substitution (Fig. 1 and Table I). E21A was shown to 
associate with the mGM-Ra0 complex by cross-linking 125 I- 
E21A on NFS60 cells (Fig. 5B), supporting the observation 
that signaling occurs only through a complex of the mGM- 
Ra and mGM-R/8 subunits in the presence of ligand (4, 9). 

The mitogenic response of NFS60 cells appears to be ex- 
quisitely sensitive to the presence of mGM-CSF. The K d of 
mGM-CSF and number of high affinity receptors (-2.5 x 
10**" M and -240 mGM-Ra/3/NFS60 cell, respectively) sug- 
gest that only about 5-10 of these receptors are occupied at 
the ECao (-6 X 10" 13 M). The ¥U of E21A for mGM-R<*j3 is 
only -2 x 1(T 9 M, suggesting that -20-fold fewer mGM-Ra/3 
would be occupied at its EC W (~2 X 1(T 12 M). Receptor 
activation (indicated by mitogenic response) thus does not 
appear to be only a function of the affinity of the ligand for 
its receptor. The results obtained with E21A suggest that 
activation of mGM-R«0 may occur through repeated binding 
and dissociation from the receptor complex or may induce an 
activated mGM-Ra0 complex that is capable of signaling 
without continuous ligand occupancy. Experiments that ex- 
amine the kinetics of receptor interactions for E21A and the 
ability of mGM-RajS to internalize E21A would begin to 
address these possibilities. 

The near wild-type potency and high affinity receptor bind- 
ing defects of E21A suggest that mGM-CSF receptor activa- 
tion can occur independently from mGM-CSF to mGM-R/S 
interactions in the mGM-Raj3 complex. Consequently, bind- 
ing of mGM-CSF to mGM-Ra in the context of mGM-RajS 
appears to be the critical event in receptor activation. Since 
signaling is not observed in the absence of mGM-R0, a con- 
formational change in mGM-Ra induced by mGM-CSF bind- 
ing producing a constructive interaction with mGM-R0 would 
account for these results. Such an effect would not necessarily 
be limited to mGM-Ra; interaction of the mGM-CSF- mGM- 
Ra complex with mGM-R0 may also induce conformational 
changes in mGM-R£. 

Although GM-CSF high affinity binding to both subunits 
of GM-Ra/ff correlated well with a proliferative response (10), 
the results presented here show that receptor activation can 
occur independently of high affinity binding. However, small 
deviations in the sequence of mGM-CSF implicated in mGM- 
Ra/3 binding interactions can profoundly affect biological 
activity. A mGM-CSF double mutant protein (both Lys-14 
and Glu-21 changed to alanine) resulted in a 500- fold decrease 
in biological activity despite this protein having unchanged 
low affinity binding (17). It is possible that the presence of at 
least one of these residues is required for activation of mGM- 
Ra/3. Alternatively, E21A bound to mGM-Ra0 may destabi- 
lize the receptor complex without disturbing its integrity, and 
additional mutations affecting receptor interactions may dis- 
rupt or prevent formation of the active complex. Other double 
mutants containing the Glu-21 to alanine substitution also 
had markedly reduced biological activity (including a His- 15/ 
Glu-21 to alanine mutant protein, but not a Glu-17/Glu-21 to 
alanine mutant protein) (17). Double mutant proteins without 
the Glu-21 to alanine substitution had less dramatic effects 
on bioactivity, suggesting a central role of Glu-21 in mGM- 
CSF to mGM-R0 interactions. 

The precise functional role of Glu-21 in high affinity mGM- 



CSF to mGM-Ra/3 interactions is not readily addressed by 
the experiments presented here. Qualitatively, it appears that 
the interaction of Glu-21 with mGM-R/S allows other ligand- 
receptor contacts to form. In the E21A mutant protein, the 
potential for interactions exist in the form of the unchanged 
interactive residues {e.g. Lys-14 and Lys-20), but the substi- 
tution of Glu-21 with alanine appears to prevent binding (Fig. 
4). About a 3- fold loss in biological activity (as compared to 
the ECm of mGM-CSF) was observed for a purified prepara- 
tion of E21A. This loss of activity suggests that high affinity 
binding contributes to receptor activation, but that binding 
energy alone is not the stimulus for receptor activation. It 
appears that an induced activation resulting from mGM-CSF 
binding to mGM-Ra coupled to high affinity binding of mGM- 
CSF to mGM-Ra/3 produces a fully active ligand-receptor 
complex. 

An acidic residue (either Glu or Asp) equivalent to Glu-21 
in GM-CSF is positionally conserved in the (predicted) N- 
terminal helices of a number of cytokines (10). Substitution 
of the acidic residue at this position in mouse (34) and human 
(35) IL-2 (Asp-34 and Asp-20, respectively) and human GM- 
CSF (16) (Glu-21) also had potent effects on receptor binding. 
In contrast to our results, these groups showed some correla- 
tion between high affinity receptor binding and bioactivity. 
This may be a reflection of the differences between the mGM- 
CSF and these other ligand-receptor systems, the cell types 
examined, the specific substitutions made, or combinations of 
these. The structural similarities between cytokines likely to 
have the GH and GM-CSF four a-helical bundle topology, 
and the potential similarities of their receptors make it at- 
tractive to consider that common mechanisms exist for ligand- 
receptor interactions. High affinity binding of cytokines and 
receptor subunit-subunit interactions induced by ligand bind- 
ing may both be features of receptor activation. 
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A synthetic segment (110-127) of the carboxyl ter- 
minus of recombinant human granulocyte-macrophage 
colony-stimulating factor (rh-GM-CSF) was used to 
generate a rabbit polyclonal antibody (345-6), which 
recognized both peptide and full-length Escherichia 
coft-derived rh-GM-CSF in a direct enzyme-linked im- 
munosorbent assay* Antibody 345-6 was shown to an- 
tagonize the binding of 125 I-labeled rh-GM-CSF to its 
receptor on the KG-1 cell line and to inhibit human 
GM-CSF-dependent proliferation of the AML-193 cell 
line. The purified IgG fraction of neutralizing antibody 
345-6 was used as immunogen to obtain sheep anti- 
serum 1418. Antibody 1418 recognized antibody 345- 
6 on direct enzyme-linked immunosorbent assay but 
did not recognize rh-GM-CSF or the peptide 110-127 
to which antibody 345-6 was raised. Antiserum 1418, 
as well as a purified IgG fraction of this serum, inhib- 
ited both rh-GM-CSF- stimulated cell proliferation and 
12B I-labeled rh-GM-CSF receptor binding but not 
labeled recombinant human interleukin-4 receptor 
binding. The anti-idiotypic antibody response derived 
from the anti-( 110-127) antibody strongly suggests 
that the carboxyl- terminal region of rh-GM-CSF may 
be directly involved in the receptor-ligand interaction 
of this protein. The high affinity receptor consists of 
two different components (GM-Ra0) a cytokine-spe- 
cific a-subunit and a 0-subunit that is shared by human 
GM-CSF, interleukin-3, and interleukin-5. In an effort 
to localize the epitope of antibody 14 18 to either GMRa 
or GMR0, several cell lines containing high, low, or 
both high and low affinity receptors were examined. 
Each was specifically and completely inhibited by an- 
tibody 1418. Interleukin-3 -dependent cell prolifera- 
tion of the AML-193 cell line was found to be unaf- 
fected by the antibody 1418. Thus, the carboxyl- ter- 
minal region of rh-GM-CSF is likely to be involved in 
the interaction of the ligand with the a-subunit of the 
high affinity receptor. 



Human granulocyte-macrophage colony-stimulating factor 
(h-GM-CSF) 1 is a member of a family of glycoproteins that 
stimulates growth and differentiation of a number of cell 
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buffered saline; TBST, TBS containing 0.05% Tween; ELISA, en- 
zyme-linked immunosorbent assay; AML, acute myeloid leukemia; 
IL, interleukin; IMDM, Iscove's modified Dulbecco's medium; FCS, 
fetal calf serum; Ab, antibody. 



types of hematopoietic lineage (Metcalf, 1986; Clark and 
Kamen, 1987). Clinical trials with rh-GM-CSF derived from 
mammalian and bacterial hosts (Greenberg et aL, 1988; 
Trotta, 1989) have been initiated in a variety of disease states, 
including acquired immunodeficiency syndrome (Groopman 
et aL, 1987; Baldwin et al. y 1988), myelodysplastic syndrome 
(Vadan-Raj et aL, 1987), bone marrow transplantation (Mon- 
roy et aL, 1987), and in combination with chemotherapy in 
cancer patients (Brandt et aL, 1988). 

The actions of h-GM-CSF are mediated through binding to 
cell-surface receptors (Gasson et aL, 1986; DisPersio et aL, 
1988). The high affinity receptor is believed to be a heterodi- 
mer consisting of both a cytokine-specific a-subunit and a 0- 
subunit that is shared with IL-3 and IL-5 (Hayashida et aL, 
1990). The a-subunit of the receptor binds to the h-GM-CSF 
with low affinity (Gearing et aL 1989). Formation of the high 
affinity receptor occurs only in the complex of h-GM-CSF 
with both the a- and 0-subunits. While the 0-subunit does 
not itself bind to h-GM-CSF in the absence of the a-subunit, 
it does appear to interact directly with h-GM-CSF in the 
complex (Shanafelt et al., 1991a). 

Significant insight to the specific residues on mouse GM- 
CSF in contact with the 0-subunit of the receptor in the high 
affinity receptor-ligand complex has been provided by Shan- 
afelt et aL (1991b) and by Shanafelt and Kastelein (1992). In 
addition, critical cytoplasmic domains of the 0 receptor for 
growth signal transduction and tyrosine phosphorylation have 
been elucidated by Sakamaki et aL (1992). The residues on h- 
GM-CSF that may be involved in the binding of the a-subunit 
of the high affinity receptor are not yet known. In the present 
study, we sought to determine the domains of rh-GM-CSF 
that are involved in receptor interaction by raising both 
polyclonal antibodies to a synthetic peptide fragment and 
raising anti-idiotypic antibodies. The results support the con- 
clusion that there is a segment at the carboxyl terminus of 
rh-GM-CSF that interacts directly with the cell-surface recep- 
tor. Further, the evidence provided suggests that it is likely 
to be the a-subunit of the receptor that binds to this terminal 
segment of h-GM-CSF. 

EXPERIMENTAL PROCEDURES 

Materials— Kirkegaard and Perry Laboratories, Inc. (Gaithersburg, 
MD) and Jackson Immu no research Laboratories (Avondale, PA) 
supplied horseradish peroxidase-conjugated goat anti-rabbit and don- 
key anti-sheep IgG, respectively. Calbiochem and DuPont NEN sup- 
plied monoclonal antibodies VIM-C6 and VIM-2 and 128 Mabeled 
Bolton-Hunter reagent (2000 Ci/mmol), respectively. 

Cell Cultures and Reagents— The KG-1 cell line was obtained from 
the ATCC (CCL 246), and the AML-193 and TF-1 cell lines were 
provided to Schering-Plough Research Institute by Dr. G. Rovera 
(Lange et aL, 1987) and Dr. T Kitamura of DNAX Research Institute, 
respectively. Placental membranes were prepared by homogenization 
in the presence of protease inhibitors, centrifugation to remove the 
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100 x g fraction, and thorough washing of the 27,300 x g fraction. 

Cytokines— rh-GM-CSF (Escherichia colt, nonglycosylated; Scher- 
ing-Plough/Sandoz) was purified to a constant maximal specific 
activity by methodology similar to that described for recombinant 
murine GM-CSF (Trotta et aL t 1987). Purified yeast-derived recom- 
binant human IL-3 and purified Chinese hamster ovary cell-derived 
recombinant human IL-4 were prepared in the laboratories of the 
Schering-Plough Research Institute. 

Preparation of Radioiodinated rh-GM-CSF— rh-GM-CSF was ra- 
dioiodinated by the method of Bolton and Hunter (1973) and purified 
by gel filtration on a Sephadex G-25 column (PD-10, Pharmacia LKB 
Biotechnology Inc.). The resulting l25 Mabeled rh-GM-CSF had a 
specific radioactivity of 1-3 x 10 6 /iCi/Mmol and a stoichiometry of 
0.4-1.2 mol of m I/mol of rh-GM-CSF. The specific radioactivity and 
stoichiometry were determined by the self-displacement method 
(Calvo et aL, 1983). l26 I-Labeled rh-GM-CSF exhibited the same level 
of biological activity in KG-1 and AML-193 cell proliferation assays 
as unlabeled GM-CSF. 

Peptide Synthesis— The synthesis of peptides was carried out with 
an Applied Biosystems (Foster City, CA) model 430A fully automated 
peptide synthesizer (Merrifield, 1963). The amino- terminal tert-bu- 
tyloxycarbonyl group was removed with 65% trifluoroacetic acid and 
cleaved from the phenylacetimido (polystyrene) resin with a 10:1.5 
ratio of liquid hydrogen fluoride -anisole at 0 °C for 60 min. Cleaved, 
deprotected peptides were purified by reversed-phase high perform- 
ance liquid chromatography on a C-4 Dynamax 400-A wide 
bore column (Rainin Assoc., Woburn, MA). Automated sequencing 
and fast atom bombardment mass spectral analysis were employed 
to confirm the peptide sequence. 

Production and Purification of Antisera— Rabbits were injected 
intradermal^ with an emulsion of 2 mg of antigen in 400 id of TBS 
and 100 fi\ of pertussis vaccine and 500 n\ of Freund's complete 
adjuvant Boosts with incomplete adjuvant were scheduled when 
bleeds (as judged by ELISA) showed any loss of titer. The polyclonal 
antibody 1418 was produced in sheep by subcutaneous injection with 
2.5 mg of an IgG fraction of rabbit antiserum 345-6. Sheep antibody 
1418 was purified by Fortron Bioscience Co. (Saint Marys, PA) by 
ammonium sulfate precipitation and QAE ion exchange column chro- 
matography. 

ELISA— Rabbit and sheep sera were screened for specific binding 
of antigens by coating a 96-well microtiter plate (Becton-Dickinson) 
with 100 n\ of antigen for 1 h at room temperature. Plates were 
washed with TBS containing 0.05% Tween 20 (TBST), blocked with 
1% bovine serum albumin for 1 h, washed with TBST, blocked with 
0.1% immunoglobulin for 1 h, and again washed with TBST. Blocking 
with immunoglobulin was omitted from the procedure for antibody 
1418. The wells were coated with the antibody to be tested for 1 h, 
washed with TBST, then coated with 2.5 ng of horseradish peroxi- 
dase -conjugated goat anti-rabbit IgG or 5.0 ng of donkey anti-sheep 
IgG for 1 h, and washed with TBST. Development with either 2,2'- 
azino-bis(3-ethyl-benzthiazoline sulfonate) or 3,3 / 5',5'-tetramethyl 
benzidine and hydrogen peroxide was detected colorimetrically 20 
min after the addition of enzyme substrates. Control wells were also 
developed in which one of the three assay components (i.e. antigen, 
antibody, peroxidase-Iabeled antibody) was deleted. 

Receptor Binding Assay— Assays to measure 126 I-labeled rh-GM- 
CSF binding to receptors on KG-1 and AML-193 cells contained 50- 
100 pM lM I-labeled rh-GM-CSF, 4-6 X 10 8 ceUs, and IMDM contain- 
ing 10% FCS in a total volume of 0.4 ml. Samples were incubated at 
4 *C for 2 h and centrifuged for 2.5 min at 600 X g, and the cell pellet 
was washed twice with IMDM, 10% FCS and counted in a y counter. 
Binding of "^-labeled rh-GM-CSF to receptors on placental mem- 
branes was quantitated by incubating membranes for 1 h at 22 *C 
with 0.5-5.0 nM m I-labeled rh-GM-CSF and IMDM, 10% FCS in a 
total volume of 0.4 ml, centrifuging for 2.5 min at 8000 £, washing 
the pellet with IMDM, 10% FCS, and counting. Saturating concen- 
trations of unlabeled rh-GM-CSF were added to control assays to 
measure nonspecific binding. The data are presented as specific 
binding, which was determined by subtracting nonspecific from total 
^-labeled rh-GM-CSF bound. 

Competitive displacement of ,2fl I-labeled rh-GM-CSF from recep- 
tors by peptides or polyclonal antibodies was measured by including 
the competing ligand in binding assays. Antibodies recognizing rh- 
GM-CSF were incubated for 10 min at 4 'C with ,28 Mabeled rh-GM- 
CSF prior to initiating binding by the addition of cells. Peptides and 
the sheep polyclonal antibody 1418 were incubated for 10 min at 4 *C 
with cells before l25 I-labeled rh-GM-CSF addition. Corresponding 
preirnmune serum was also examined in control assays. None of the 



rabbit or sheep preirnmune sera (or purified commercially available 
rabbit or sheep IgG) interfered with GM-CSF receptor binding. 

Cell Proliferation Assay— The assay for GM-CSF is based on stim- 
ulation of proliferation of KG-1 or AML-193 cells. The KG-1 is a cell 
line established from the bone marrow of a patient with AML (Lusis 
and Koeffler, 1980; Koeffler and Goide, 1978). The AML-193 is an 
acute childhood leukemia-derived cell line, which is dependent upon 
GM-CSF to support continued growth in vitro (Lange et aL t 1987). 
The TF-1 is a cell line established from a patient with erythroleuke- 
mia, which shows complete dependence on GM-CSF or IL-3 to 
support sustained growth (Kitamura et ai, 1989). Approximately 1 X 
10* cells in IMDM containing 5 mg/ml each of insulin, transferrin, 
and sodium selenite were incubated in microtiter plate wells with 
dilutions of rh-GM-CSF for 6 days at 37 *C and then incubated for 
an additional 4 h with the tetrazolium salt 3- (4, 5-dimethylthiazol-2- 
yl)-2, 5-diphenyltetrazolium bromide (Mossman, 1983). The results 
are expressed as a change in optical density (proportional to the log 2 
cell concentration), which represents the difference in optical density 
of the sample and a base-line control lacking rh-GM-CSF. 

Protein Concentration — Protein concentrations were determined 
by the method of Lowry et al (1951) using bovine serum albumin as 
a standard, unless otherwise noted. 

RESULTS 

Inhibition of Receptor Binding and Biological Activities by 
Anti-peptide Polyclonal Antibodies— In order to probe the 
regions of rh-GM-CSF that may be important to its receptor 
binding and biological activities, a series of peptides were 
synthesized (Table I). Rabbit polyclonal antibodies raised 
against each of these peptides were examined for their ability 
to bind peptide and rh-GM-CSF and to prevent binding of 
rh-GM-CSF to its receptor on KG-1 or AML-193 cells. Anti- 
serum from one of these, anti-( 110-127) antibody (Ab 345-6), 
shown by direct ELISA to bind both peptide 110-127 and rh- 
GM-CSF, was determined to completely inhibit receptor bind- 
ing. In contrast, of the five other antisera that recognized (by 
ELISA) both the peptide to which they were raised and rh- 
GM-CSF, none blocked binding of rh-GM-CSF to receptor. 
Based on these data, we sought to further explore the role 
that this carboxyl-terminal segment might have in the actions 
of rh-GM-CSF. 

In order to determine whether receptor and biological ac- 
tivities were specifically affected by this antibody, we purified 
the antiserum Ab 345-6 by protein A chromatography. The 
purified IgG blocked specific binding of 125 I-labeIed rh-GM- 
CSF to its receptor on KG-1 cells in a concentration -depend- 
ent manner. Binding was completely prevented by preincu- 
bation of 125 Mabeled rh-GM-CSF with approximately 1.0 mg/ 
ml of purified Ab 345-6 IgG. Half-maximal inhibition could 
be obtained using a concentration of 0.06 mg/ml (Fig. LA). 
Nonimmunized rabbit serum and purified IgG had no effect 
on binding or nonspecific binding, respectively. 

Next, the ability of purified Ab 345-6 to block rh-GM-CSF- 
stimulated proliferation of the AML-193 cell line was probed 
(Fig. IB). Inhibition of proliferation was concentration-de- 
pendent, and 75% of rh-GM-CSF-dependent growth was pre- 
vented at 0.5 mg/ml IgG (the highest concentration exam- 
ined). Half-maximal inhibition was obtained at 0.1 mg/ml in 
good agreement with the receptor binding inhibition observed. 
In the absence of rh-GM-CSF, no stimulation of AML-193 
cell growth was observed. In addition, in the absence of rh- 
GM-CSF and the presence of sufficient quantities of Ab 345- 
6 to completely block rh-GM-CSF-stimulated proliferation of 
the AML-193 cell line, no change was observed in the AML- 
193 cell growth. Similarly, Ab 345-6 is shown to block rh- 
GM-CSF-stimulated proliferation of the TF-1 cell line under 
similar conditions (data not shown). 

Inhibition of rh-GM-CSF by Anti-idiotypic Antibodies— We 
sought to determine whether the carboxyl terminus of rh- 
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Response of rabbit polyclonal antibodies raised to rh-GM-CSF and its peptides 



Antibody 


Sequence no. 


Sequence 


response* 


Protein 
response 6 


Inhibition 


347-6 


7-25 Cys 


PSPSTQPWEHVNA1QEARRLC 


90,000 


90,000 




346-6 


Cys 26-41 


CLNLSRDTAAEMNETVE 


8,000 


8,000 




351-6 


45-54 


EMFDLQEPTC 


10,000 


10,000 




171-87 


54-67 


CLQTRLELYKQGLR 


5,000 


0 




177-87 


74-92 


KGPLTMMASHYKQHCPPTP 


100,000 


0 




137-88 


94-119 


TSCATQIITFESFKENLKDFLLVIPF 


10,000 


10,000 




172-87 


96-111 


CATQHTFESFKENLK 


1,000 


1,000 




345-6 


110-127 


LKDFLLVIPFDCWEPVQE 


10,000 


10,000 


+* 


349-6 


GM-CSF 


GM-CSF 


NA 


90,000 


+ 



0 Recognition of peptide in a direct ELISA. Dilution gives 50% absorbance maximum. EL1SA is coated with 0.25 /<g/well of peptide or 
protein. No response was observed for preimmune serum. 

b Recognition of rh-GM-CSF in a direct ELISA. Dilution gives 50% absorbance maximum as described above. 

' Details of the inhibition of l25 I-labeled rh-GM-CSF binding to KG-1 cells and GM-CSF-stimulated AML-193 cell proliferation by antibody 
Ab 345-6 are given in Fig. 1. 



Fig. 1. Effect of purified rabbit 
IgG derived from antiserum 345-6 
on receptor binding and in vitro bi- 
ological activity of rh-GM-CSF. A t 

inhibition of 12S I-labeled rh-GM-CSF 
binding to KG-1 Cells. Assays contained 
6 x 10 6 cells and 100 pM m I-labeled GM- 
CSF (21,000 cpm). Maximal specific 
binding in the absence of antibody was 
2060 cpm. B, inhibition of GM-CSF- 
stimulated AML-193 cell proliferation. 
Assays contained 1 x 10 4 AML-193 cells 
and 10 ng/ml rh-GM-CSF. The increase 
in optical density (570 nm) in the ab- 
sence of 345*6 IgG was 0.155. 
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GM-CSF could play a role in the ligand-receptor binding site 
of this cytokine. Peptide 110-127 itself was not an effective 
antagonist of rh-GM-CSF binding to KG-1 cells or agonist of 
rh-GM-CSF-independent cell proliferation of AML-193 cells 
(concentrations ltf'-fold greater than the concentration of rh- 
GM-CSF were required to displace 50% of the radiolabeled 
ligand or stimulate proliferation). Therefore, we decided to 
explore alternative approaches to determine the role of the 
carboxyl terminus in the ligand-receptor binding site rh-GM- 
CSF. We chose to determine whether an anti-idiotypic anti- 
body response could be generated using the polyclonal anti- 
110-127 antibody. Purified Ab 345-6 IgG was used to immu- 
nize a sheep, and the antiserum obtained (Ab 1418) recognized 



the purified Ab 345-6 but not peptide 110-127 or rh-GM-CSF 
(Fig. 2). 

Antiserum Ab 1418 was then tested for its ability to inhibit 
binding of 125 Mabeled rh-GM-CSF to AML-193 cells. The 
dose-dependent inhibition of binding by Ab 1418 is shown in 
Fig. 3A. Under the same conditions, preimmune serum had 
no effect. Ab 1418 had no effect on the nonspecific binding of 
125 Mabeled rh-GM-CSF to the cells. The specificity of the 
interaction is further supported by evidence that demon- 
strates that Ab 1418 had no effect on the binding of m I- 
labeled IL-4 to receptors on Daudi cells (data not shown). 
Unpurified Ab 1418 was also tested for its ability to inhibit 
binding of l25 I-labeled rh-GM-CSF to KG-1 cells. A dose- 
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dependent inhibition curve for KG-1 cells was obtained, which 
was similar to that shown in Fig. ZA for AML-193 cells. 

The ability of Ab 1418 to inhibit the rh-GM-CSF-dependent 
proliferation of AML-193 cells was examined using purified 
Ab 1418 IgG. Dose-dependent inhibition was obtained with 
complete inhibition being achieved with an IgG concentration 
of 1 mg/ml (Fig. 3£). Purified anti-idiotypic antibody Ab 1418 
IgG was not able to stimulate proliferation of AML-193 even 
at 8uboptimal concentrations of rh-GM-CSF. It was also 
unable to stimulate AML-193 proliferation in the absence of 
added rh-GM-CSF. In similar experiments conducted with 
the KG-1 cell line, Ab 1418 serum was also shown to inhibit 




pmoles 

Fig. 2. Direct binding ELISA titration of purified rabbit 
IgG derived from antiserum 345-6 (■), rh-GM-CSF <•)» and 
peptide 110-127 (□) by the purified IgG fraction of sheep 
antibody 1418. 



rh-GM-CSF-dependent proliferation of the KG-1 cells in a 
dose-dependent manner (data not shown). Similar observa- 
tions were made for the inhibition of rh-GM-CSF-stimulated 
proliferation of the TF-1 cell line by purified AB 1418. 

Characterization of Neutralizing Anti-idiotypic Antibody 
1418— The anti-idiotypic response obtained from the anti- 
110-127 antibody suggests that this antibody possesses the 
"internal image" and, thus, recognizes the rh-GM-CSF recep- 
tor. This receptor is believed to be a heterodimer consisting 
of an a-aubunit, which is cytokine-specific, and a 0-subunit, 
which is required for formation of the high affinity receptor. 
We wished to see if the epitope of the anti-idiotypic antibody 
Ab 1418 could be localized to the a- or 0-subunit domains. 
We first attempted to see if Ab 1418 could inhibit the high 
and low affinity receptor activities. We hoped to distinguish 
the two by examining cell lines and receptor preparations 
that exhibit the low affinity a receptor and the high affinity 
a/0 receptor (Table II). The KG-1 and AML-193 cell lines 
each display the high affinity receptor binding sites. While 
the KG-1 cell line also exhibits the low affinity receptor 
binding sites, no low affinity receptor binding site is observed 
for the AML-193 cell line. In contrast, both placental mem- 
branes and the choriocarcinoma-derived JAR cell line display 
only the low affinity receptor binding sites. These cell lines 
and membrane preparations, which appear to have high affin- 
ity sites, high and low affinity sites, or just low affinity sites 
are all completely and specifically inhibited by 1.4 mg/ml 
purified Ab 1418 IgG. This suggests that the a-subunit 
(GMRa) contains the Ab 1418 epitope, and, therefore, the 



100 



Fig. 3. Effect of sheep antibody 
1418 on receptor binding and in tri- 
tro biological activity of rh-GM- 
CSF. A, inhibition of ^-labeled rh- 
GM-CSF binding to AML-193 cells. As- 
says contained 6.4 X 10 6 cells, 20 pM t25 I- 
labeled rh-GM-CSF (17,400 cpm), and 
antiserum at the indicated dilutions. 
Specific binding in the absence of anti- 
serum was 3180 cpm. B, inhibition of 
GM-CSF-dependent AML-193 cell pro- 
liferation. Assays contained 1 x 10 4 cells 
and 1.0 ng/ml rh-GM-CSF. The increase 
in absorbance at 570 nm in the absence 
of IgG was 0.270. (No stimulation of the 
AML-193 cells was observed in the ab- 
sence of rh-GM-CSF.) 
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Table II 

Inhibition of 126 1 -labeled rh-GM-CSF binding to receptor by anti- 
idiotype antibody Ab 1418 



Cell type 


Jdof high 
affinity site 


Jfcoflow 
affinity site 


Inhibition 0 






nM 


% 


AML-193 


70 




100 


KG-1* 


6.7 


0.73 


100 


JAR 




2-4 


100 


Placental membranes 




0.74 


100 



0 Maximal inhibition of l28 Mabeled rh-GM-CSF binding to cell- 
surface receptors by antibody 1418. 

6 Two murine monoclonal antibodies (Madjic, 1984), one that was 
raised against KG-1 celk and that recognizes granulocytes (VIM-C6) 
and one that recognizes a carbohydrate determinant on human gran- 
ulocytes, monocytes, and their precursors (VIM-2) were tested on 
KG-1 cells for inhibition of ia6 Mabeled rh-GM-CSF binding to recep- 
tors. The fact that no inhibition was observed with either antibody 
further supports the specificity of the inhibition derived from the 
anti-idiotypic antibody 1418. 

amino acid region containing residues 110-127 of h-GM-CSF 
is involved in the GMRa interaction. 

We then wanted to confirm that Ab 1418 was targeting the 
a-subunit (GMRa). We chose to examine whether Ab 1418 
would inhibit the IL-3-dependent proliferation of AML-193 
cells. IL-3 shares the 0-subunit (GMR0) with rh-GM-CSF. 
No inhibition of this biological activity was observed, sug- 
gesting that the 0 receptor subunit was not effected by this 
antibody and confirming that the involvement was occurring 
at the a -subunit. 

DISCUSSION 

In this study, we provide evidence for the importance of the 
carboxyl-terminal 18 amino acid residues of rh-GM-CSF in 
binding of the ligand to its cell- surface receptor and expres- 
sion of biological activity. The anti-idiotypic antibody re- 
sponse underlines the importance of the carboxyl region and 
further suggests that this segment plays a direct role in the 
ligand-receptor binding site of rh-GM-CSF. 

The high affinity receptor of h-GM-CSF heterodimer con- 
sists of the a-subunit, which confers cytokine specificity, and 
the 0-subunit. The a-subunit alone displays low affinity for 
GM-CSF. The high affinity is displayed only when the 0- 
subunit is also present. Both subunits are required for signal 
transduction. We demonstrate that the anti-idiotypic anti- 
body Ab 1418 inhibits binding of rh-GM-CSF to both the 
high and low affinity receptor binding sites of several cell 
lines. This strongly indicates that the epitope for this antibody 
lies on the a-subunit. The fact that the Ab 1418 was derived 
from an antibody directed to a peptide corresponding to amino 
acids 1 10-127 of the rh-GM-CSF sequence suggests that the 
carboxyl terminus, or D helix, is responsible for the interac- 
tions of the cytokine with the a-subunit. 

The high affinity receptors of h-GM-CSF, IL-3, and IL-5 
are each heterodimers. In each case, the a-subunit is distinct 
and specific for the cytokine. The /?-subunit, however, which 
is essential for signal transduction, is common to each. We 
confirmed that the 0-subunit was not effected by Ab 1418 by 
examining the IL-3 -dependent proliferation of the AML-193 
in the presence of Ab 1418. In the case of IL-3, no inhibition 
could be detected. 

The a-subunit of the h-GM-CSF receptor binds to h-GM- 
CSF with low affinity. While the 0-subunit does not itself 
measurably bind to h-GM-CSF, it appears to interact directly 
with h-GM-CSF in the complex. Studies by Shanafelt et aL 
(1991a) provide evidence that the A, or amino-terminal, helix 
(residues 15-28) of the mouse GM-CSF governs the interac- 



tion of the cytokine with the 0 or "shared" subunit. Using 
hybrid analysis and carboxyl-terminal deletions, Shanafelt et 
aL (1991b) demonstrated that significant losses of activity 
were incurred by human (but not mouse) GM-CSF. In partic- 
ular, residue Trp-122 was acutely sensitive to substitution. 
Together, these data provide circumstantial evidence for an 
important role of the carboxyl terminus. In this paper, we 
provide direct evidence that a specific peptide region in the 
D, or carboxyl-terminal, helix (110-127) interacts specifically- 
with the a-subunit. It is consistent that the x-ray crystallog- 
raphy of the four-helix bundle structure of h-GM-CSF (Wal- 
ter et aL, 1992; Diederichs et al. 1991) suggests that helix B 
has very low solvent and helix C has moderate accessibility 
and that the amino helix A and the carboxyl helix D are 
solvent-exposed. 

Thus, more than one region of rh-GM-CSF is implicated in 
expression of its varied activities. A role for more than one 
segment of a ligand in its interaction with receptor is consist- 
ent with a model of cytokine action exhibited by human 
growth hormone. The solution of the structure of the growth 
hormone co-crystal with its receptor provides information 
concerning the receptor-ligand binding sites within the com- 
plex (deVos et aL, 1992). Since this protein is believed to be 
in the same family as that of rh-GM-CSF, the structure may 
be a useful model of the complex that rh-GM-CSF forms with 
its receptor. Interaction of human growth hormone with its 
homodimer receptor occurs at two distinct regions of the 
ligand. The first site of interaction with receptor subunit 1 
occurs at the first helix of the ligand. The second site of 
interaction occurs between the first and fourth helix of the 
ligand and receptor subunit 2. While the receptor subunits of 
rh-GM-CSF are not identical, a potentially similar pattern of 
interaction could be envisioned. Thus, the a receptor subunit 
of rh-GM-CSF would interact with the helix D or carboxyl 
terminus of the rh-GM-CSF ligand, whereas the 0 receptor 
subunit would interact with the first helix of the ligand as 
suggested by the studies with murine GM-CSF described by 
Shanafelt et al. (1992). 

The development of the anti-idiotypic antibody Ab 1418, 
which interacts with the a receptor subunit, offers a unique 
opportunity to probe the heterodimer receptor of rh-GM- 
CSF. Antibody Ab 1418 provides an invaluable tool for defin- 
ing the residues on the receptor that may be involved in the 
ligand-receptor binding site. 
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Transduction of the biological effects of granulocyte- 
macrophage colony-stimulating factor (GM-CSF) and 
interleukin-5 (IL-5) requires the interaction of each 
cytokine with at least two cell surface receptor 
components, one of which is shared between these two 
cytokines. A strategy is presented that allowed us to 
identify receptor binding determinants in GM-CSF and 
IL-5. Mixed species (human and mouse) receptors were 
used to locate unique receptor binding domains on a 
series of human -mouse hybrid GM-CSF and IL-5 
cytokines. Results show that the interaction of these two 
cytokines with the shared subunit of their high affinity 
receptor complexes is governed by a very small part of 
their peptide chains. The presence of a few key residues 
in the amino-terminal a-helix of each ligand is sufficient 
to confer specificity to the interaction. Comparison with 
other cytokines suggests that the amino-terminal helix of 
many of these proteins may contain the recognition 
element for the formation of high affinity binding sites 
with the a subunit of their multi-component receptors. 
Key words: cytokines/mutagenesis/receptors/structure- 
function 



Introduction 

The biological effects of cytokines on cell growth and 
differentiation are mediated by specific cell surface 
molecules. These molecules transduce the binding of their 
cognate cytokines into cytoplasmic signals that eventually 
trigger a cascade of intracellular responses. GM-CSF is a 
cytokine that stimulates the development of various lineages 
of hemopoietic cells (Gough and Nicola, 1989; Metcalf, 
1986). Hayashida et al (1990) have shown that its functional 
receptor is composed of at least two subunits, GM-CSF 
receptor a (GM-Ra) and GM-CSF receptor 0 (GM-R0) 
(Chiba et al , 1990; Hayashida et al , 1990; Kitamura et al , 
1991a). The a subunit binds GM-CSF with low affinity, 
whereas the 0 subunit does not measurably bind GM-CSF. 
Coexpression of GM-Ra and -R/3 leads to high affinity 
binding of GM-CSF and is required for signal transduction 
(Hayashida et al , 1990). Recent evidence indicates that the 
GM-R/3 subunit is shared with the receptor systems of other 
cytokines (Hayashida et al , 1990; Kitamura et al , 1991a). 
High affinity binding of human interleukin-3 (IL-3), IL-5 
and GM-CSF appears to require the common GM-R0 
subunit in combination with a receptor subunit that is unique 



for each of these cytokines (Hayashida et al , 1990; Kitamura 
et al , 1991b; Lopez et al , 1990). In mouse, GM-CSF and 
IL-5 receptors share a common 0 subunit (AIC2B) (Devos 
etal, 1991; Gorman etal, 1990; Itoh etal y 1990; 
Kitamura etal y 1991a), while IL-3 incorporates the 
homologous AIC2A molecule in its high affinity receptor 
complex (Schreurs et al , 1991). These findings provide an 
explanation for earlier observations indicating that these 
cytokines can compete with one another, either completely 
or partially (Budel et al, 1990; Lopez et al, 1990; Park 
etal, 1989a,b). 

Binding of GM-CSF to its functional receptor is followed 
by transduction of a signal to unknown cytoplasmic 
messengers. To understand the mechanism of signal 
transduction in a receptor system of such complexity, it is 
essential to identify the molecular nature of the 
cytokine -receptor interaction. Human and mouse GM-CSF 
are species specific; we have used this property to search 
for unique receptor binding domains in this protein hormone. 
To approach this problem, human -mouse GM-CSF hybrid 
proteins were analyzed in combination with mixed species 
human and mouse GM-CSF receptors. High affinity 
association (and a concomitant biological response) of mixed 
species a and 0 GM-CSF receptor chains is only expected 
to occur when hybrid GM-CSF cytokines present the correct 
species-specific receptor binding domains. This approach 
allowed us to identify the residues of the cytokine that interact 
with the 0 subunit of the receptor. These amino acids lie 
in the amino-terminal a-helix of GM-CSF. 

Using a mouse(m)IL-5-human(h)GM-CSF hybrid we 
also show that mIL-5 interacts with GM-R/3 through residues 
in its amino-terminal a-helix. Comparative analysis of other 
receptor -cytokine pairs leads us to propose that the amino- 
terminal a-helix of many cytokines is the segment that is 
recognized by a component of their functional receptors. 

Results 

Mixed species receptors 

The mGM-CSF dependent myeloid cell line NFS60 was 
stably transfected with a plasmid encoding the a subunit of 
the human GM-CSF receptor, and was named 3E6. Whereas 
NFS60 does not proliferate in response to hGM-CSF, 3E6 
responds weakly to hGM-CSF. This presumably occurs 
through an interaction of the hGM-CSF -hGM-Ra complex 
with the mGM-R0 component (Kitamura etal, 1991a). 
However, no high affinity binding sites for hGM-CSF were 
observed on this cell line (data not shown). We had 
previously constructed a collection of human -mouse GM- 
CSF hybrid proteins (Shanafelt et al , 1991). A comparison 
of the human and mouse GM-CSF amino acid sequences 
and a pictorial representation of the hybrid proteins are 
displayed in Figure 1. The responses of NFS60 and 3E6 to 
the series of amino-terminal mouse -carboxy-terminal 
human GM-CSF hybrids is shown in Figure 2a. The 
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Fig. 1. Hybrid OM-CSF proteins, a, Amino acid seqences of human and mouse GM-CSF. Sequences are aligned for optimal homology, b, Pictorial 
representation of the hybrid GM-CSF proteins. Open bars correspond to hGM-CSF sequences, and shaded to mGM-CSF. The naming of the hybrid 
proteins follows the convention that either an M (mouse) or H (human) designates the species of origin of the N-terminal portion of the hybrid, 
where the number following indicates the amino acid at which the two polypeptide segments are fused. 



carboxy-terminal 22 amino acids of mGM-CSF could be 
replaced with the corresponding human residues without 
affecting biological activity (Shanafelt etal. y 1991). Both 
3E6 and NFS60 fully respond when activated with the 
hybrids M 103 and Ml 16, suggesting that these hybrids can 
bind with high affinity to mGM-Ra and mGM-R/3. Hybrid 
ligands M56 to M 101 show a reduced activity with both 3E6 
and NFS60. We have no explanation for this reduction. 
However, most importantly, both NFS60 and 3E6 have an 
equivalent response to these hybrids. With hybrids M49 to 
M22 the responses of 3E6 and NFS60 are different. Whereas 
there is a minimal response of these hybrids on NFS60 cells, 
there is full biological activity to hybrids M49-M22 on 3E6 
cells. Since the only difference between NSF60 and 3E6 is 
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the presence of hGM-Ra, these hybrids seem to be 
interacting with this receptor in combination with the mGM- 
R/3 receptor to form high affinity binding sites capable of 
transducing the biological response. This is most clearly 
demonstrated with hybrid M22: M22 shows full biological 
activity on 3E6, yet it is completely inactive on NSF60. 
Apparently, the presence of only 22 N-terminal amino acids 
of mGM-CSF on hGM-CSF is sufficient to ensure high 
affinity binding. Replacement of additional mouse residues 
in hybrid M6 eliminates this ability; its activity is identical 
to hGM-CSF. This series of experiments identifies amino 
acid residues 7-22 as the region in mGM-CSF responsible 
for specific interaction with mGM-R/?. 
To examine the effect of these hybrids in the absence of 
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Fig. 2. Relative activity of GM-CSF hybrid proteins on NFS60 and 3E6 cells (NFS60 stably transfected with hGM-Rcr). Results are expressed as % 
activity relative to that of wild-type mGM-CSF (see Materials and methods); hybrid proteins exhibiting > 100% activity (M22. M35 and M43 to 
M47 on 3E6) are shown with activity equal to 100%. These particular hybrid proteins probably show greater than wild-type activity because of the 
higher expression of hGM-Ra compared with mGM-Ra on 3E6 ( - 10-fold). All active hybrid proteins (except M6, which appeared identical to 
hGM-CSF) had a maximal plateau response equivalent to mGM-CSF on 3E6). Open bars represent the response of NFS60 and shaded bars the 
response of 3E6. a, Response to amino-terminal mouse -carboxy -terminal human GM-CSF hybrids (M series), b, Response to amino-terminal 
human -carboxy-terminal mouse GM-CSF hybrids (H series). 



mGM-Ra, we used an IL-2 dependent mouse T cell line that 
was stably transfected with hGM-Ra and mGM-RjS 
[CTLL(ha-m0)] (Kitamura et a/., 1991a). This cell line 
does not express any endogenous GM-CSF receptor 
subunits. Its response to the hybrids was identical to that 
of 3E6 with two exceptions: mGM-CSF, as expected, is 
inactive on the CTLL line, since no mGM-Ra is present; 
for the same reason, hybrids M103 and Ml 16 which were 
active on 3E6, are now inactive (data not shown). 

We have also described the response of NFS60 to a 
collection of amino-terminal human -carboxy-terminal 
mouse GM-CSF hybrids (H series) (Shanafelt et ai , 1991). 



Figure 2b shows the response of this series on 3E6 as 
compared with NFS60. Only two hybrids show activity, H6 
(100%) and H16 ( -30%). All other hybrids were inactive 
( <0.01 %). Having determined the region of interaction of 
mGM-CSF with mGM-R/3 as residues 7-22, this result can 
now be understood. Only hybrids H6 and H16 still have an 
mGM-R/3 binding domain. This narrows down the number 
of residues of mGM-CSF critical for this interaction to amino 
acids 17-22. This region coincides precisely with that 
determined by scanning deletion analysis to be critical for 
biological activity (Shanafelt and Kastelein, 1989). 
Structurally this region is predicted to be part of an amino- 
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Fig. 3. Scatchard analysis of M43 and hGM-CSF binding to 3E6 and CTLL(hcr-mjS) cells. Solid lines (single binding site) and dashed lines (two 
binding sites) represent best fit values obtained from the LIGAND program (Munson, 1983). Each point represents the mean of at least three sets of 
data. Insets display the equilibrium binding isotherm (total bound, specifically bound, and non-specifically bound ( ,25 I]M43 or ( ,25 I]hGM) for the 
respective Scatchard plot. a. [ ,25 I]M43 binding to 3E6; b, [ ,25 IJM43 + 500 nM unlabeled mGM-CSF binding to 3E6; c. [ ,25 I]M43 binding to 
CTLL(ha-m/3); d, [ ,25 I]hGM binding to CTLL(ha-m/J). 



terminal a-helix stretching from residue 15 to 27 (Parry 
et ai , 1988). Our evidence suggests that this region functions 
as an a-helix, since proline substitutions destroy biological 
activity (Altmann et ai, 1991; A.B.Shanafelt and 
R.A.Kastelein, unpublished data). 

Characterization of binding of M43 
The biological response elicited by the active hybrids is most 
probably due to the formation of high affinity GM-CSF 
receptor complexes. To show the presence of high affinity 
sites, one of the fully active hybrids, M43, was purified, 
radio-labeled with l25 I, and used in binding experiments on 
3E6 and CTLL(ha-m0) (Figure 3). 3E6 expresses two 
classes of receptor for this ligand; these classes have differing 
affinities (Figure 3a; Table I). As expected, the M43 high 
affinity sites could be completely competed by mGM-CSF, 
since 3E6 still has the ability to form high affinity binding 
sites with mGM-Ra and -R/3 (Figure 3b). Scatchard analysis 
of M43 binding to CTLL(ha--m0) also reveals high and 



Table I. Equilibrium dissociation constants and binding site values for 
3E6 and CTLL(ha-m0) 



Ligand 



Binding sites/cell 2 



3E6 

[ ,25 I]M43 

[ I25 IJM43 + 500 nM 
mGM-CSF 
CTLL(ha-mj3) 
[ ,25 I]M43 

[ ,25 I]hGM-CSF 



13 pM 
5.6 nM 

4.8 nM 

15 pM 
3.1 nM 
2.5 nM 



59 
38 000 

33 000 

2 200 
100 000 
100 000 



a Mean values calculated from the LIGAND program (Munson, 1983). 

low affinity binding sites with K 6 s of 15 pM and 3.1 nM, 
respectively (Figure 3c; Table I). High affinity binding sites 
on CTLL(ha-m0) are not seen with hGM-CSF as ligand 
(Figure 3d). 
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Comparison of the amino acid sequences of mouse and 
human GM-CSF in the proposed 0 receptor binding region 
shows only two differences: Glul7 and Lys20 in mGM-CSF 
versus Asnl7 and Gln20 in hGM-CSF (Figure la). Random 
substitution of Glul7 in mGM-CSF has only a modest effect 
on biological activity, indicating limited involvement of this 
residue in the interaction (data not shown). Strong evidence 
for the direct involvement of residue 20 was obtained when 
we replaced Gln20 in hGM-CSF by Lys, the mGM-CSF 
residue found at position 20. Whereas hGM-CSF elicits a 
minimal response with the 3E6 or the CTLL(ha-m/3) line, 
the hGM-CSF/Lys20 mutant has increased biological activity 
in both plateau and half-maximal response (Figure 4). 
Although this result identifies Lys20 as an important residue 
involved in the interaction with the mGM-R0, it is evident 
that other residues must also contribute; the hGM- 
CSF/Lys20 mutant is still -30-fold lower in activity than 
mGM-CSF (Figure 4a). 

mlL-5 interaction with mGM-Rfi 
It has been suggested that in the mouse, the same 0 receptor 
subunit is present in the high affinity complexes that bind 
IL-5 and GM-CSF (Devos etal, 1991; Kitamura etal y 
1991a). High affinity binding of these cytokines requires the 
interaction of each ligand with a unique ligand binding a 
subunit and the shared 0 subunit. We expected that, if mIL-5 
forms high affinity binding sites with the mIL-5-Ra and 
mGM-R/3, it would do so by using the same binding motif 
as mGM-CSF for binding to mGM-R0. We tested this 
possibility by generating a hybrid that consisted of amino- 
terminal mIL-5 and carboxy-terminal hGM-CSF residues. 
Specifically, we replaced amino acids 4-32 of hGM-CSF 
by amino acids 5-29 of mIL-5. This region of mIL-5 
includes a predicted amino-terminal a-helix from residue 7 
to 22 (Parry et al, 1988). When this hybrid was tested on 
3E6 it elicited a full biological response (Figure 4a). A 
similarly strong response was observed with the 
CTLL(ha-m/3) line (Figure 4b). When CTLL cells were 
used that expressed the mGM-R/3 homologue AIC2A 
together with hGM-Ra (Kitamura et al , 1991a) instead of 
the mGM-R/3 subunit, no response of this hybrid was 
observed (data not shown). These results show that mIL-5 
can use the same j8 receptor subunit as mGM-CSF. They 
also strongly suggest that receptor recognition by IL-5 
follows the same principle underlying the mGM- 
CSF- mGM-R/3 interaction, i.e. the presentation of a few 
specific residues in the context of an a-helix. Sequence 
comparison shows that Lys20 and Glu21 in mGM-CSF are 
conserved in the proposed first helix of rnlL-5 (Lys 10 and 
Glul 1; Table II). Moreover, the same pair of amino acids 
is generated in hGM-CSF when Gln20 is changed to Lys20, 
suggesting that besides Lys20, Glu21 may also be required 
for specific interaction with the mGM-R/3 subunit. 

Discussion 

Binding of GM-CSF to its functional receptor is a complex 
event that includes interaction with multiple receptor 
components. GM-CSF is able to bind with low affinity to 
the GM-Ra subunit (Gearing et al, 1989). The GM-R/3 
subunit does not by itself bind GM-CSF, but in conjunction 
with the GM-Ra subunit it forms the high affinity receptor. 
For a biological response to occur, GM-CSF has to interact 



0.60 




pg/ml 

Fig. 4. Growth response of 3E6 and CTLL(ha-m/3) cell lines, a, 
response with 3E6 and b, response with CTLL(ha-m0). Cells were 
incubated for 24 h in the presence of decreasing concentrations of 
mGM-CSF (O), hGM-CSF (•), M43 (■), mIL5-hGM-CSF hybrid 
(A), and hGM-CSF/Lys20 (A). 

with both the GM-Ra and the GM-R/3 receptor (Hayashida 
et al , 1990). The work presented here shows that a small, 
discrete region in mGM-CSF is responsible for the 
interaction with the GM-R£. Structurally, this region is most 
likely presented to the 0-receptor as an a-helix (Bazan, 
1990a; Parry et al , 1988) with at least Lys20 directly 
interacting with the receptor. Evidence for the existence of 
the same binding motif has recently been described for the 
IL-2 receptor system. Exhaustive mutational analysis of 
mIL-2 led to the identification of Asp34 as the only residue 
interacting directly with the IL-2-R0 component (Zurawski 
et al , 1990; Zurawski and Zurawski, 1989). The only other 
requirement for this interaction to occur was the presentation 
of Asp34 in the context of an a-helix. The similarities 
between this receptor system and the one described in this 
paper are remarkable. In both cases the interaction involves 
residue(s) in the amino-terminal a-helix of the cytokine and 
is targeted to a receptor component that by itself binds the 
ligand poorly (in the case of IL-2, Ringheim et al, 1991) 
or not at all (in the case of GM-CSF, Gorman et al , 1990; 
Hayashida et al , 1990). A third example is the interaction 
of mIL-5 and mGM-R0. This is a biologically relevant 
interaction, since the GM-R/3 subunit seems to be required 
for high affinity IL-5 binding. Although we have not yet 
precisely identified the responsible residues within the mIL-5 
amino-terminal helix, it is likely, based on the work 
presented here, that the interaction between IL-5 and its 
receptor follows the same general pattern. 
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Table 11. Amino acid homology in predicted amino-terminal helices of cytokines 
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^nly the pertinent portion of each helix is shown. 

b Predicted helices are from: for IL-2, Brandhuber et al (1987) and Zurawski and Zurawski (1989); for hIL-3, Parry et al. (1988); for mIL-5, Parry 
etal. (1988); for hIL-6, Bazan (1990a); for hG-CSF, Parry et al (1988); for hEPO, Bazan (1990a); for hGM-CSF. Parry et al (1988). The location 
of the N-terminal helix in the other cytokines was based on comparable motifs from these secondary structure predictions. 



The overall structural conservation of cytokines as four 
a-helical bundle proteins (Parry etal, 1988) and the 
common receptor-cytokine binding motif described above 
hints at the existence of an arnino-terminal recognition helix 
in many cytokines that exist as four a-heiical bundle proteins. 
This recognition helix contains the primary and possibly the 
only specific site of interaction of the cytokine with one 
component of its functional receptor. In Table II , the 
sequences of proposed amino-terminal helices of a large 
number of cytokines are compared. There is an absolute 
conservation of a negatively charged residue (Glu/Asp) in 
each helix. Two other positions are conserved in relation 
to the negatively charged residue; if the charged residue is 
designated as position 0, residues at positions -2 and +5 
are both hydrophobic. Upon examination of the spatial 
relationships in the helix, it is evident that the hydrophobic 
residues are located on one side of the helix separated by 
two helical turns, with the Glu/Asp residue in between these 
residues on the opposite side of the helix. While these 
conserved residues may define a core motif, other residues 
in the helix, such as Lys20 in mGM-CSF, possibly confer 
specificity to the interaction. 

What residues of a cytokine receptor are targeted to 
interact with the proposed cytokine recognition helix? 
Cytokine receptors form a family of proteins with a number 
of conserved features (Bazan, 1990a,b). It is possible that 
one of these, the *WSXWS* amino acid sequence in the 
extracellular domain near the transmembrane region, is the 
target region for this interaction. Recently, this region was 
implicated in a direct interaction between human growth 
hormone and the prolactin receptor, a member of this 
receptor family (Cunningham et al. , 1990). The binding was 
mediated by Zn 2+ coordination of three residues in growth 
hormone, two of which are located in the amino-terminal 
helix of the protein, and a His residue in the immediate 
proximity of the 'WSXWS' sequence of the prolactin 
receptor. If the binding motif described here is directed 
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towards a conserved feature of a receptor subunit, e.g. the 
'WSXWS* motif, then this principle may not be restricted 
to cytokine-R£ interaction alone. For example, both GM- 
Ra and -R0 belong to this receptor family; therefore, it is 
possible that the same binding motif that governs interaction 
of GM-CSF and GM-R/S also determines the interaction of 
GM-CSF with GM-Ra. There is some evidence which 
suggests that this is indeed the case. Critical regions identified 
in mGM-CSF coincide with predicted a-helices, emphasizing 
the importance of these regions (Shanafelt and Kastelein, 
1989). Interestingly, inspection of the sequence of human 
and mouse GM-CSF, as well as of IL-5, shows that in the 
carboxy-terminal helix of these molecules the proposed core 
binding motif is present. This C-terminal region of IL-5 has 
been shown to affect both its biological activity and receptor 
binding characteristics (McKenzie etal, 1991). 

A key question remains. GM-CSF has no measurable 
affinity for the 0 subunit without GM-Ra, yet the equilibrium 
constant of the high affinity complex is in the picomolar 
range. It is likely that we have determined the specific 
ligand- receptor interaction that turns this complex into a 
high affinity receptor. However, other protein -protein 
associations must exist to account for this high affinity 
binding constant. It is not yet known how great the 
contribution of receptor - receptor interactions is to this 
process. The homology among cytokine receptors opens the 
interesting possibility that new receptor combinations could 
be formed that respond to appropriate hybrid ligands. Such 
hybrid ligands may be useful as antagonists since their 
potential to form high affinity complexes could be used to 
effectively compete for high affinity binding of the native 
ligand. 

Materials and methods 

Bacterial host strains and vectors 

The E.coli K12 strain JM101 (Messing, 1983) was used as host for the 
propagation and maintenance of M13 DNA. CJ236 (Kunkel et al, 1987) 



Cytokine receptor specificity 



was used to prepare uracil DNA for use in site-directed mutagenesis. AB1899 
(Howard-Flanders et al. , 1964) was used as the host for expression of wild- 
type and mutant human and mouse GM-CSF proteins. Either pINIIIompH3 
(Lundell etal, 1990) or pOMPTH3 (a tetracycline resistant variant of 
pINHIompH3) was used as the expression vector for all GM-CSF genes. 
Elsewhere, we have described the expression of biologically active, mature 
GM-CSF with this E.coti secretory expression system (Greenberg et al, 
1988). 

Mutagenesis, recombinant DNA. and sequencing protocols 
Site-directed mutagenesis followed the protocol described by Kunkel et al 
(1987). Individual clones were sequenced using the dideoxynucleotide method 
(Sanger et al , 1977) with modifications described in the Sequenase (United 
States Biocriemical) protocol. M 13 (replicative form) DNA containing correct 
mutations was cleaved with Xbal and Bam HI (New England Biolabs) for 
cloning into pINIIIompH3. Synthetic oligonucleotide overhangs 
corresponding to amino acid residues 5 -29 of mIL-5 were ligated into the 
synthetic hGM-CSF gene (Shanafelt et al, 1991) cleaved with BglW and 
SacU. This construct replaced amino acid residues 5-32 of hGM-CSF with 
those of mIL-5 in the pINIIIompH3 expression vector. The generation of 
the human - mouse GM-CSF hybrids is described elsewhere (Shanafelt et al. , 
1991). 

Preparation and quantification of protein extracts 
Expression and quantification of mutant proteins is described elsewhere 
(Shanafelt et al., 1991). Briefly, all mutant proteins were produced in Ecoli 
AB1 899 and periplasmic extracts were prepared by osmotic shock (Shanafelt 
and Kastelein, 1989). When purified, protein prepared by osmotic shock 
behaved identically to the pure product ( A. B. Shanafelt and R. A.Kastelein, 
unpublished results); the specific activity of osmotic shock extracts varied 
by < 10% for a given mutant in multiple assays performed over several 
months time. The amount of mutant polypeptide produced was determined 
using quantitative immuno-slot blotting. The error in the calculated 
concentration of GM-CSF protein by this method was estimated to be 2-fold 
based on repetitive protein samples. 

Transfection of mammalian cell lines 

The low affinity hGM-CSF receptor (Gearing etal, 1989) was stably 
transfected to the mGM-CSF dependent cell line NFS60 with the Lipofectin 
reagent (BRL) using the manufacturer's suggested protocol. The neomycin 
resistance gene was used as the selection marker. Stable transfectants were 
selected with G418 at 1 mg/ml; the clone used in this study had the strongest 
response to hGM-CSF and was designated 3E6. The generation of the 
CTLL(ha-mj3) cell line has been previously described (Kitamura et al , 
1991a). 

Proliferation assays for human and mouse GM-CSF activity 
Protein extracts were assayed using the mouse GM-CSF dependent myeloid 
leukemia cell line NFS60, 3E6 and CTLL(ha-m0). Sample concentrations 
were adjusted to 108 000 pg/ml and titrated in quadruplicate to 1 .8 pg/ml. 
The 3-[4,5-dimethylthiazol-2-yll-2,5-diphenyltetrazolium bromide (MTT) 
assay described by Mosmann (1983) was used to measure the extent of 
proliferation, and absorbance values were read with a kinetic 
microplate reader (Molecular Devices). The concentration of each mutanl 
and wild-type GM-CSF that gave 50% maximum response was determined, 
and specific relative activity was calculated using the relationship: 
% Activity - ([ wild-type]„/[ mutant) y^x 100% 

where ( wild-type] i/t and [mutant]^ are the concentrations of wild-type and 
mutant GM-CSF proteins, respectively, that gave 50% maximum response 
in the NFS60 or 3E6 assays. 

Purification and binding characterization of M43 
M43, expressed in Ecoli, was purified to homogeneity from periplasmic 
extracts by gel filtration through Superdex-75 (Pharmacia-LKB) followed 
by affinity chromatography using agarose -coupled (AminoLink, Pierce 
Chemical Co.) anti-mGM-CSF MAb 35E10 (kindly provided by M.Pearce). 
Purified M43 was radiolabeled with l25 I using the Bolton and Hunter 
reagent (ICN). Binding assays were performed as follows: 3E6 cells 
(maintained in mGM-CSF) were harvested and incubated with 1 ml ice cold 
10 mM NaP0 4 , 150 mM NaCI, pH 3.0 for 2 min, diluted to 50 ml with 
10 mM NaP0 4 , 150 mM NaCI, pH 7.0, centrifuged and finally 
resuspended in 1 x Hanks* balanced salts solution (Gibco/BRL) containing 
0.1% BSA, 0.02% NaN 3 and 10 mM HEPES, pH 7.5 (HBAH buffer). 
CTLL(ha-m0) cells (maintained in mIL-2) were prepared without acid 
treatment. 1 x 10 6 (3E6) or 1 x 10 5 (CTLL(ha-m0)) cells in 200 /xl HBAH 



buffer were incubated with decreasing concentrations of [ ,25 l]hGM-CSF 
(Amersham, sp. act. 947 Ci/mmol) or [ ,25 I]M43 (sp. act. 400 Ci/mmol) 
at 4°C with continuous agitation for 4 h. Non-specific binding was 
determined by including unlabeled hGM-CSF or M43 as appropriate at a 
concentration of 1 ftM. Cell bound radioactivity was separated from free 
ligand by centrifugation at 4°C (4 min, 12 000 g) through dioctyl- 
phthalate:dibutylphthalate (2:3), and bound and total radioactivity were 
measured with a Cobra 5010 7-counter (Packard). The equilibrium binding 
data were analyzed using the LIGAND program (Munson, 1983). 
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